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Advanced surface analytical techniques, including high resolution electron energy loss
spectroscopy (HREELS) and X-ray photoelectron spectroscopy (XPS), together with
density functional theory (DFT) calculations were used to investigate the reaction mech-
anism of unsaturated halogenated organic molecules on Si(100)-2×1 and Si(111)-7×7
surfaces. On the basis of fundamental understanding of silicon surface chemistry of
halogenated organic molecules, a second covalently bonded organic layer was grafted by
introducing photons.
Fluoroacetonitrile (N≡C-CH2-F) and bromoacetonitrile (N≡C-CH2-Br) were cho-
sen as typical molecules to understand the selectivity and competition of bifunctional
molecules on the Si(100)-2×1 surface. A [2+2]-like cycloadduct is formed at the fluo-
roacetonitrile / Si(100)-2×1 interface, evidenced by the appearance of the N=C stretch-
ing mode (1620 cm−1) and the retention of the C-F stretching mode (1040 cm−1) in
the chemisorbed EELS spectrum. Meanwhile, the significant binding energy downshift
of 1.6 eV (N1s) and 1.9 eV (C1s) in the XPS spectrum for the chemisorbed molecules
also supports the formation of [2+2]-like cycloadduct. Bromoacetonitrile adsorbs on the
Si(100)-2×1 surface through the ene-like reaction with the C-Br bond dissociation to
form Si-N=C=CH2-like and Si-Br linkages. These structures are strongly suggested by
the appearance of the characteristic vibrational peaks at 2054 cm−1 (N=C=C asymmet-
ric stretching) and 660 cm−1 (N=C=C bending) in the chemisorbed EELS spectrum,
as well as by significant chemical downshifts of N1s (1.7 eV), Br3d5/2 (1.0 eV), and
C1s (1.6 eV) in the XPS investigations. The different reaction mechanisms of these two
molecules are due to their individual different halogen substitution groups.
vi
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Chloroacetonitrile (N≡C-CH2-Cl) chemisorbs on the Si(100)-2×1 surface through
the ene-like reaction and [2+2]-like cycloaddition to form Si-N=C=CH2-like and Si-
N=C(CH2-Cl)-Si-like species, which are evidenced by the appearance of the N=C=C
asymmetric stretching (2051 cm−1), N=C=C symmetric stretching (1148 cm−1), and
N=C stretching (1630 cm−1) modes in the EELS spectrum for chemisorbed molecules.
Concurrently, the XPS results and DFT calculations also suggest the coexistence of ene-
like reaction and [2+2]-like cycloaddition upon the chemisorption of chloroacetonitrile
on the Si(100)-2×1 surface. The EELS and XPS results, together with the DFT calcu-
lation, confirm that propargyl chloride (Cl-C1H2-C
2
≡C3H) dissociatively adsorbs onto
the Si(100)-2×1 surface with the C-Cl bond cleavage to form Si-C1H2-C
2
≡C3H-like and
Si-Cl-like species. The large downshift of Cl2p3/2 (1.1 eV) and C
11s (2.6 eV) in the
chemisorbed XPS spectrum strongly demonstrates the occurrence of the C-Cl dissocia-
tive reaction on Si(100)-2×1. It is possible that the different dipole moments of N≡C
and C≡C groups may lead to the different reaction mechanisms of chloroacetonitrile and
propargyl chloride on the Si(100)-2×1 surface.
3-chloro-1-propanol (HO-CH2-CH2-CH2-Cl) chemisorbs on Si(100)-2×1 and Si(111)-
7×7 surfaces with the dissociation of OH group and the retention of C-Cl bond protruding
into the vacuum. The OH stretching peak disappeared with the appearance of the Si-H
stretching mode (2110 cm−1) and the retention of C-Cl stretching mode (655 cm−1) in
the chemisorbed EELS spectrum. In the meantime, the downshift of O1s binding energy
from 533.1 to 532.2 eV in the XPS study also demonstrates the formation of Si-H and
Si-O species on the Si surfaces.
The intact C-Cl bond at the interface of Cl-CH2CH2CH2-OH/Si(111)-7×7 can be
dissociated upon laser irradiation (λ=193 nm) to produce one radical site on the C
vii
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atom, which subsequently reacts with one nearby physisorbed d3-acetonitrile (benzoni-
trile) molecule via the cyano group to form a second covalently bonded organic layer. The
newly generated radical site on the cyano group would in turn abstract a nearby surface
H atom. This process was evidenced by the observation of C=N stretching (1650 cm−1),
CD3 symmetrical mode (2130 cm
−1) and deformation mode (2260 cm−1), coupled with
the downshift of C1s binding energy in the cyano group from 287.1 to 285.4 eV in the
experimental results.
Upon irradiating the surface with a laser, the photons at 193 nm can dissociate
the C-Cl bonds in the first chemisorbed 3-chloro1-propanol layer as well as in the ph-
ysisorbed 3-chloro-1-propanol layers on the Si surface, resulting in the formation of a
secondary attachment of 3-chloro-1-propanol layer on the Si surface. The secondary at-
tachment of 3-chloro-1-propanol layer was verified by the appearance of the OH stretch-
ing mode (3238 cm−1) and the retention of the Si-H group (2110 cm−1) at the surface,
together with the disappearance of C-Cl bond (654 cm−1).
In this work, we introduced halogenated organic molecules into the area of organic
modification of semiconductor surfaces, demonstrating the possibilities of employing the
C-X bonds to control the adsorption reaction pathways, and successfully constructed a
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Silicon (Si) is the most fundamental material used to produce semiconductor chips
due to its several important properties. It can be produced in single crystalline form at
a purity higher than 99.999999999% and it can form an excellent oxide at its surface.
Additionally, its unique electronic properties can be tuned dramatically by substituting
only a small fraction of silicon atoms in the lattice with another element in a process
called “doping” [1]. The silicon-based semiconductor technology has been dramatically
changing our world. One of the future development trends of semiconductor technology
will depend on the special functionality of the molecules that are attached on silicon
surfaces [2–4]. The study of the direct and covalent attachment of organic molecules
to Si surfaces has attracted a great deal of attention in past thirty years for a variety
of present and potential applications in biosensors, molecular devices, high throughput
combinatoric analysis, optoelectronic devices, nonlinear optical materials, and microelec-
tronics [1, 5–14]. The binding of organic molecules (mono-, bi-, and multi-functional)
onto Si surfaces can be achieved through one or a combination of the following reaction
mechanisms: [2+2]-like cycloaddition [15–21], [4+2]-like cycloaddition [22–30], dissocia-
tive adsorption [31–37], dative bonding [38–40], and ene-like reaction [41–45]. These
newly formed (Si-C, Si-N, and Si-O) bonds have good thermal and chemical stabili-
ties and are essential for molecular device fabrication [21]. The adsorption of organic
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molecules on Si surfaces would directly produce a chemisorbed monolayer on Si sur-
faces. To meet the industrial demands, modified surfaces with complicated molecular
architectures and multi-functionality are strongly desired.
Recently, some researchers have investigated the use of laser-induced chemistry as an
efficient tool for changing and controlling the structures and configurations of adsorbates
on surfaces [46–50]. In these experiments, the monochromatic radiation was employed
to activate surface chemical modification and provide direct photopatterning of specific
functional groups on surfaces [51–53]. Cai and coworkers successfully constructed a
second covalently bonded organic layer on Si(111)-7×7 through laser irradiation [54]. In
this study, halogenated organic molecules were chosen due to the high photodissociation
cross section of the carbon-halogen (C-X) bonds [55–60]. The purpose of this study
is to investigate the reaction of halogenated organic molecules on Si surfaces and to
build up a second covalently bonded organic molecules layer on Si surfaces through laser
irradiation. The modified Si surfaces with enhanced multi-functionality are expected to
be more useful in biosensors, optoelectronic devices, and microelectronics applications.
1.2 Geometry and electronic structures of Si sur-
faces
The chemistry of the Si surfaces is intimately connected with the geometry and
electronic structures of surface atoms. Silicon adopts the diamond-like structure and is
most stable with a coordination number of 4 for each atom in a tetrahedral geometry [17].
The Si-Si covalent bonds are 2.352 A˚ long and have a bond strength of 226 kJ/mol in bulk
Si [61]. When the crystal is truncated or cleaved, the stable bulk tetrahedral configuration
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is disturbed and each Si surface atom with two “dangling bonds” is produced at the
surface. The rebonding of these dangling bonds at the surface can lower the surface
energy and lead to a variety of surface reconstructions. After reconstruction, these
dangling bonds provide chemically reactive centers on the Si surfaces.
The geometry and electronic structures of Si(100) and Si(111) surfaces are intensively
studied due to their industrial and scientific importance. In the following sections, the
geometrical structures and electronic properties of Si(100)-2×1 and Si(111)-7×7 surfaces
will be presented.
1.2.1 The geometrical structure of Si(100)-2×1
The Si(100) surface constitutes the most important substrate for fabricating inte-
grated circuit (IC) used in microprocessors and memory chips [11, 62]. To understand
the surface chemistry of Si(100), it is essential to understand the nature of the Si(100)
reconstruction. The Si(100) surface undergoes a (2×1) reconstruction involving pairing
adjacent silicon atoms into dimers and reducing the number of dangling bonds by half
upon the truncation of the bulk diamond-like structure. This dimer model was first
proposed by Schlier and co-workers in 1959 with their observation of (2×1) LEED (low
electron energy diffraction) pattern [63], and then, this model was finally confirmed with
STM (Scanning Tunneling Microscopy) images by Hamers and co-workers [64–66]. The
top and side views of ideal and symmetric dimer models of Si(100)-2×1 are displayed in
Figure 1.1 (on page 18).
Later, Chadi [67] predicted that the asymmetric dimers (buckled, i.e. one atom
is higher than the other) (Figure 1.2b on page 19) are more stable (8 kJ/mol) than
the symmetric dimers using the empirical tight-binding calculations. The formation of
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asymmetric dimers results in charge transfer of 0.36±0.02 electrons from the buckled-
down to the buckled-up atom [67]. This surface atomic geometry of Si(100)-2×1 was
further supported by the findings of weak quarter-order streaks in LEED pattern [68]
and He (helium) diffraction [69]. Although the debate on the issue of whether the dimers
are symmetric or asymmetric (buckled) in perfect regions is still ongoing [67, 70–72], this
asymmetric (buckled) dimer model of Si(100) surfaces is accepted by the majority of
surface scientists [21, 24, 73–77]. Thus, the ability of the Si(100) dimers formed during
the reconstruction of the clean Si(100) surface to act as diradical or dipolar sites plays a
critical role in the chemical reactivity.
1.2.2 The electronic properties of Si(100)-2×1
The dimer model, Si(100)-2×1, is commonly accepted for the reconstructed Si(100)
surface. Each surface dimer consists of a full σ bond and a partial π bond [78], as
illustrated in Figure 1.2a (on page 19). The reported bond strength for this weak π bond
is approximately 1 - 31 kJ/mol [79–82], which is much weaker than that for the traditional
π bond in alkenes, which is in the range of 250 - 310 kJ/mol [83]. Thus, the weak π bond
in the dimer is regarded as a di-radical with each silicon atom containing one unpaired
electron [84]. Due to solid state electronic effects, the surface dimers are also tilted and
give rise to “zigzag” structures in the STM images [64, 65]. The tilting of the dimer has
an associated charge transfer, in which electrons are donated from the “down” atom to
the “up” atom. This tilted dimer presents an asymmetric structure with an electron-
rich buckled-up atom and electron-deficient buckled-down atom [64, 85] (Figure 1.2b on
page 19). The zwitterionic character of the dimer facilitates the attachment of both
nucleophilic and electrophilic reagents.
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1.2.3 The atomic arrangement of Si(111)-7×7
Despite the fact that silicon-based microelectronic devices are fabricated exclusively
on the (100) crystallographic plane, the Si(111) surface has enjoyed a great deal of
scientific interest [17].
Schlier and co-worker first reported a (7×7) reconstruction for the clean Si(111)
surface using LEED in 1959 [63]. Thenceforth, numerous structural models for this
reconstructed surface obtained after annealing treatment were proposed and debated,
which also contributes to the reason of its current popularity in research. Until 1985,
Takayanagi [86] proposed the dimer-adatom-stacking fault (DAS) model based on an
analysis of transmission electron diffraction (TED) data. This DAS model is widely
accepted by most surface scientists due to its excellent agreement with a great deal
of evidence from ab initio local density functional total energy calculations [87, 88],
dynamical low energy electron diffraction [89], medium energy ion scattering [90], grazing
X-ray diffraction [91], scanning tunneling microscopy [92], and reflection high-energy
electron diffraction (RHEED) [93, 94].
The DAS model for Si(111)-7×7 surface (rhombohedral-like dimension of 46.56 A˚ for
the longer diagonal and 26.88 A˚ for the shorter one [95]) is schematically displayed in
Figure 1.3 (on page 20), where the dots and circles represent the silicon atoms from the
bulk to the reconstructed surface, respectively. In the bulk layer, one atom is missing
at each corner of the (7×7) unit cell, creating corner holes, which are clearly observable
under STM images. On the reconstructed surface, from bottom to top, there are three
layers, namely the dimer layer, rest atom layer, and adatom layer. At the dimer layer,
the dimer strings are formed along the borders of the triangle unit cells through silicon
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atoms pairing with each other and the formation of dimer chains can stabilize the (7×7)
reconstruction [96, 97]. In order to saturate all the dangling bonds in the dimer layer,
the rest atoms in the above rest atom layer must occupy stacking fault sites within one
of the subunits, resulting in the formation of faulted and unfaulted regions in this layer.
At the topmost layer (adatom layer), there are twelve adatoms and each silicon atom is
back-bonded to three underlying rest atoms. These adatoms can be further divided into
two groups: the center adatoms and the corner adatoms (located next to the corner hole).
Therefore, upon the (7×7) reconstruction on Si(111) surfaces, the number of dangling
bonds in one unit cell is decreased dramatically from 49 to 19 (12 at adatoms, 6 at rest
atoms, and 1 at the corner hole).
1.2.4 The electronic structure of Si(111)-7×7
Since the DAS model for Si(111)-7×7 was proposed in 1985, its electronic structures
have been extensively investigated using first-principles pseudopotential total-energy and
electronic-structure calculations [98, 99], angle-resolved ultraviolet photoelectron spec-
troscopy (AR-UPS) [100–102], electron energy loss spectroscopy (EELS) [103, 104], and
STM [32, 92, 105, 106]. The AR-UPS studies [100–102] consistently reported the ex-
istence of two surface-state bands on Si(111)-7×7 surfaces. These two bands closest
to Fermi level with the energies of -0.35 and -0.8 eV correspond to emission from the
adatom and rest atom states, respectively. Furthermore, using the current imaging tun-
neling spectroscopy (CITS), Hamers and co-workers [65, 105, 107] observed that the
adatoms in the faulted half of the unit cell appear brighter than those in the unfaulted
half, and in individual half unit cell the corner adatoms are brighter than center adatoms
in the occupied state STM images. This experimental observation was attributed to the
different electronic structures by stacking fault as well as the charge transfer from the
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adatom to the rest atom [98]. Such charge transfer process makes the adatom and the rest
atom act as electron acceptor and electron donor, respectively (Figure 1.4 on page 21),
enabling dipolar reactions at the adjacent adatom-rest atom pair [10].
In summary, according to their different electronic properties and spatial structures,
the dangling bonds in one Si(111)-7×7 unit cell can be divided into seven groups: faulted
center adatoms, faulted corner adatoms, unfaulted center adatoms, unfaulted corner
adatoms, faulted rest atoms, unfaulted rest atoms, and corner hole.
1.3 Reaction mechanisms of organic molecules on
silicon surfaces
As described in Section 1.2, the buckled dimer of Si(100)-2×1 and the adjacent
adatom-rest atom pair on Si(111)-7×7 can act as reactive sites in the adsorption re-
action between organic molecules and silicon surfaces. Functionalization of Si surfaces
with organic molecules depends on the detailed understanding of the reaction mech-
anisms of functional groups with Si surfaces. Several reaction mechanisms, including
[2+2]-like cycloaddition, [4+2]-like cycloaddition, dative bonding, ene-like reaction, and
dissociative reaction are discussed in this section.
1.3.1 [2+2]-like cycloaddition
[2+2] cycloaddition is one of the pericyclic reactions, which was originally proposed
by Woodward and Hoffmann in 1965 to elucidate the reaction mechanism of organic
molecules [108]. The Woodward-Hoffmann selection rules dictate that the parity of the
π orbital lobes involved in the creation of the new σ bonds must be identical for the
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reaction to proceed [109]. According to these rules, [2+2] cycloaddition reactions are
symmetry-forbidden in traditional organic synthesis, while [2+2]-like cycloaddtions were
proven to occur on Si(100)-2×1 and Si(111)-7×7 surfaces at low and room tempera-
ture [23, 110–119]. This could be explained by the the titled configuration of the Si
dimers, which allows the reaction to proceed through an asymmetric pathway where the
unsaturated organic molecules approach the dimer from one side on Si(100)-2×1 or a
stepwise diradical reaction mechanism on Si(111)-7×7 [120–122].
The earliest investigation of [2+2]-like cycloadduct on silicon surfaces mainly focused
on the simplest unsaturated hydrocarbon compound - ethylene. The adsorption of ethy-
lene on silicon surfaces has been investigated for several decades [13, 123–131]. Yoshi-
nobu [13] proposed the attachment of ethylene on Si(100)-2×1 through the formation
of two Si-C σ bonds with the neighboring Si atoms of one dimer using HREELS. Sub-
sequently, numerous surface techniques were employed to explore this structure, such
as STM [121, 123, 124], HREELS [125–128], FTIR [120], near-edge X-ray adsorption
fine structure (NEXAFS) [129–131], X-ray photoelectron spectroscopy (XPS) [132, 133],
Auger electron spectroscopy (AES) [134] and photoelectron diffraction imaging [135, 136].
Experimental results confirmed that ethylene adsorbs on top of each silicon dimer within
a [2+2]-like cycloaddition reaction. During this adsorption process, the carbon atoms
partially dehybridize from sp2 configuration to sp3 configuration, and the silicon dimer
remains uncleaved. The density functional theory (DFT) calculations based on clus-
ter surface model [117, 137] and slab model [138, 139] also imply that the [2+2]-like
cycloaddition of ethylene with silicon dimers on the Si(100)-2×1 surface, and the cy-
cloaddition follows a stepwise asymmetric pathway with singlet diradical intermediate,
via a π-complex precursor. Similarly, ethylene was proposed to bond onto a pair of
adjacent adatom-rest atom on the Si(111)-7×7 surface via the [2+2]-like cycloaddi-
8
Chapter 1
tion in a stepwise diradical manner [122] as evidenced by STM [140], XPS [119, 133],
HREELS [141, 142], NEXAFS [119], and synchrotron radiation photoemission [143].
Besides alkenes adsorption on Si(111)-7×7 and Si(100)-2×1 surfaces, other unsatu-
rated organic compounds containing nitrile (C≡N), alkyne (C≡C), carbonyl (C=O), and
azo (N=N) functional groups also react with silicon surfaces through [2+2]-like cycload-
dition. Benzonitrile chemisorbs on Si(100)-2×1 and Si(111)-7×7 surfaces through the
C≡N group to form the Si-C and Si-N σ bonds [111, 112]. The attachment of pheny-
lacetylene and diacetylene on Si(100)-2×1 and Si(111)-7×7 surfaces were investigated by
Tao et al [144, 145] and Huang et al [114, 115], the [2+2]-like cycloadduct across the
C≡C group was verified using EELS, XPS, and DFT calculations. Huang and coworkers
demonstrated that molecules containing the C=O functionality, such as benzaldehyde
and acetophenone, undergo [2+2]-like cycloaddition on the Si(100)-2×1 surface through
the C=O group [146, 147]. Furthermore, a [2+2]-like cycloaddition through N=N group
was found to dominate the surface reaction of azo-tert-butane on Si(100)-2×1 [148].
1.3.2 [4+2]-like cycloaddition
[4+2] cycloaddition, also known as the Diels-Alder reaction, is one of the pericyclic re-
actions and is subjected to the Woodward-Hoffmann selection rules [108, 109]. Based on
frontier molecular orbital analysis, [4+2] cycloaddition is symmetry-allowed and highly
favored over [2+2] cycloaddition in organic synthesis. In the surface chemistry of Si,
the [4+2]-like cycloaddition occurs through the reaction of a conjugated diene with the
dimer on Si(100)-2×1 or the adjacent adatom-rest atom pair on Si(111)-7×7.
The first theoretical prediction by Konecny and Doren showed that [4+2]-like cycload-
dition between 1,3-butadiene and Si(100)-2×1 should occur at room temperature without
9
Chapter 1
any significant barrier and lead to the formation of a more stable product than [2+2]-like
adduct by 15.2 kcal/mol [29]. This prediction of the adsorption 1,3-butadiene on Si(100)-
2×1 was soon experimentally demonstrated by Teplyakov and co-workers, using IR spec-
troscopy, TPD (temperature programmed desorption), and NEXAFS [30]. Later, Hovis
and co-workers [149] investigated the competition between [4+2]-like and [2+2]-like reac-
tions of 2,3-dimethyl-1,3-butadiene on Si(100)-2×1 with STM and found that 80% of the
molecules bond onto the Si surface via a [4+2]-like cycloaddition involving both alkene
groups. Other cyclic dienes such as 1,3-cyclohexadiene [150] and cyclopentadiene [151]
were also found to adsorb on Si(100)-2×1 through the [4+2]-like cycloaddition. Further-
more, other conjugated molecules such as methyl methacrylate [152], pyrazine [153], and
benzene [154], react with Si(100)-2×1 through [4+2]-like cycloaddition as well.
The adjacent adatom-rest atom pair on the Si(111)-7×7 surface acting as a good
dienophile can improve the reaction selectivity of [4+2]-like cycloaddition on its sur-
face. In the investigation of the adsorption of 1,3-butadiene on Si(111)-7×7, Lu and
co-worker [122] proposed that [4+2]-like cycloaddition occurs through a diradical inter-
mediate in a stepwise manner. Compared to the Si(100)-2×1 surface, intensive inves-
tigation about [4+2]-like cycloaddition on Si(111)-7×7 have been carried out. Besides
1,3-butadiene [122] and 1,3-cyclohexadiene [155], other conjugated molecules such as
acrylonitrile [22], benzene [19, 156], cyanoacetylene [115], acetylethyne [157], furan [20],
thiophene [158, 159], and pyrazine [74], also undergo [4+2]-like cycloaddition on Si(111)-




Dative bonding, also known as coordinate covalent bonding, occurs when one molecule
donates both of the electrons needed to form a covalent bond [160]. As discussed previ-
ously, the tilted dimer on Si(100)-2×1 presents an asymmetric structure with an electron-
rich buckled-up atom and electron-deficient buckled-down atom, which can serve as elec-
tron donor and electron acceptor, respectively. For Si(111)-7×7, the charge transfers
from the adatom to the rest atom, resulting in the adatom being electrophilic and the
rest atom being nucleophilic. Thus, the nucleophilic and electrophilic sites on Si(100)-
2×1 and Si(111)-7×7 could facilitate the dative bonding reaction on silicon surfaces.
The dative bonding reaction of trimethylamine on Si surfaces was first investigated
by Cao and Hamers using XPS [39]. A characteristic higher N1s binding energy value
at around 402.2 eV on Si(100)-2×1 and 402.4 eV on Si(111)-7×7 was observed. Subse-
quently, Bent et al proved the existence of stable dative-bonded adducts on Si(100)-2×1
at room temperature using multiple internal reflection Fourier transform infrared (MIR-
FTIR) spectroscopy, TPD, and DFT calculations [160]. Later, Mui et al and Cao et al
systematically studied the adsorption mechanisms of primary, secondary, and tertiary
alkylamines on Si(100)-2×1 with XPS, UPS, FTIR, and STM [40, 161, 162]. It was
found that only tertiary alkylamines attach to silicon surfaces through a dative bonding
process. Recently, Tao and coworkers extended the dative bonding reaction to pyri-
dine (containing a lone pair of electron and acting as an electron-donor in the surface
reaction) on silicon surfaces, which demonstrated the coexistence of dative-bonded state
and [4+2]-like cycloadduct at liquid nitrogen temperature [38, 73].
The dative-bonded state is the final surface species for some simple molecules, as
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well as the precursor state for organic molecules containing nitrogen or oxygen atoms
chemisorption on silicon surfaces. In the investigation of multifunctional unsaturated
ketones on Si(100) surfaces, Wang and Bent proposed that dative-bonded intermediates
through oxygen atom could be the essential precursor for ethyl vinyl ketone attachment
on Si(100) in a [4+2]-like cycloaddition process [44]. Huang and coworkers also suggested
that methyl methacrylate may form dative bonds on silicon surfaces at the initial stage
of adsorption [152, 163].
1.3.4 Ene-like reaction
The ene-like reaction mechanism, which involves a αC-H bond dissociation, emerged
a few years ago and has been experimentally and theoretically investigated [9, 41–43, 45,
164] due to its important role in exploring adsorption pathways on semiconductor and
metal surfaces.
Due to the highly polarized carbonyl group in acetone, in the direction δ+C=Oδ−, the
hydrogen atoms attached to the α-C are slightly acidic. Thus, acetone is the character-
istic molecule in studying the ene-like reaction on silicon surfaces, forming into acetone
enolate species on the nucleophilic sites of silicon surfaces by abstracting the α-H from
the oxygen dative-bonded precursor [9]. Wang et al explored the ene-like reaction of
acetone on Ge(100)-2×1 at room temperature using FTIR and DFT calculations and
showed that the αC-H dissociated product is the majority species and is the more stable
adduct compared to the [2+2] C=O cycloadduct [41]. In the surface reaction of acetone
on Si(100)-2×1, Hamai et al, using STM and DFT calculations, observed the occurrence
of ene-like reaction at room temperature and the conversion of [2+2]-like cycloadduct to
the ene-like reaction at elevated temperatures, implying that ene-like reaction of acetone
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is thermodynamically controlled with a relatively higher activation barrier in contrast to
the [2+2]-like cycloaddition [42].
In acetonitrile, the donation of a pseudo-π-orbital on the methyl group to the π or-
bital of the C≡N triple bond weakens the C-H bond and results in the relatively weak
acidic nature of the α-H atom [165]. Tao et al found that at liquid nitrogen tempera-
ture acetonitrile attaches on silicon surfaces through side-on di -σ [2+2] C≡N cycloaddi-
tion [23, 110], however, Rochet and co-workers demonstrated that at room temperature
(RT) acetonitrile adsorbs on silicon surface with the dissociation of the C-H bond over a
dimer (for Si(100)-2×1) or the adjacent adatom-rest atom pair (for Si(111)-7×7), forming
a minority species with a silicon monohydride (Si-H) and a cyanomethyl (Si-CH2-C≡N)
on silicon surfaces compared with the majority species of di -σ type [166, 167]. Later,
Hamers and Schwartz showed that at a temperature higher than RT, acetonitrile inter-
acts with the Si(100) in both ene-like reaction (produced Si-N=C=CH2 and Si-H species
on Si surface) and [2+2]-like cycloaddition [168]. This can be explained by the fact that
ene-like reaction involves a higher activation barrier [9].
1.3.5 Dissociative reaction
In traditional organic synthesis, the dissociative reaction can be divided into ho-
molytic and heterolytic bond reactions [83]. In the silicon surface chemistry, most disso-
ciative reactions belong to the latter. Organic molecules containing OH and NH groups
are facile to undergo dissociative reactions on silicon surfaces [113, 163, 169, 170, 183].
In the precursor states, the non-bonding pair electrons at O and N atoms are expected
to react with the electrophilic sites on silicon surfaces, leading to the dissociation of




The adsorption of water on Si(100)-2×1 attracted much attention as the resulting
silicon oxidant in the surface reaction is vital in microelectronic fabrication. Different
surface techniques, such as EELS [34], XPS [37], and TPD [36], were used to investigate
the surface reaction. H2O was found to adsorb on the dimer through a dissociative nature,
forming Si-H and Si-OH species on Si(100)-2×1 [34, 36, 37]. This surface reaction was
also studied through theoretical calculations by Konecny and Doren [29]. They revealed
that H2O first molecularly adsorbs on the silicon surface through the formation of a dative
bond in the precursor state (via the oxygen lone electron pair) and then undergoes the
dissociation to produce the experimentally observed Si-OH and Si-H fragments on Si
surfaces. Other organic molecules containing the OH group, such as allyl alcohol and
propargyl alcohol [169], formic acid [26, 170, 171], and methacrylic acid [163] were also
found to undergo the dissociation of the O-H group and the concurrent formation of Si-H
and Si-OR (Where, R represents the rest part in the adsorbed molecule except H atom)
linkages on silicon surfaces.
The reaction of NH3 on silicon surfaces was extensively studied due to its importance
in the synthesis of silicon nitride, which is used as gate dielectrics and diffusion barriers
in microelectronic devices [172–174]. It was proposed that NH3 dissociatively adsorbs
on the silicon surface by N-H bond cleavage through a dative bonded intermediate and
forms Si-H and Si-NH2 species [32, 175–178]. Recently, other organic amines, such as
cyclic aliphatic amines [179], aromatic amines [180], dimethylamine [39], pyrrole [181],
aniline [182], N-methylallylamine [113], glycine [183], were also demonstrated to adsorb
on Si(100)-2×1 and Si(111)-7×7 surfaces in a dissociative manner via the N-H group.
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1.4 Surface photochemistry of halogenated organic
molecules
The study of surface photochemistry of adsorbates on metal and semiconductor sur-
faces under UHV conditions has been motivated by both scientific and technological
interests and constituted a burgeoning field in the last thirty years [54, 56–58, 184–193].
Halogenated organic molecules (R-X) have been widely used as adsorbates for photon-
driven studies for several reasons: (1) their surface structures and electronic properties
are reasonably well-known; (2) except for iodides, they do not dissociate thermally on
many metal and semiconductor surfaces [36, 48, 56–58, 194–196]; (3) available UV pho-
tons from arc lamps and excimer lasers can drive C-X bond cleavage with a high cross
section [48, 56–58, 188, 197–200].
Photons can be directly adsorbed by the adsorbate or an adsorbate-substrate com-
plex, leading to the chemical reactions. Photo-adsorption may also take place in the
substrate and the resulting excited carriers interact with the substrate. Furthermore, the
relaxation and randomization of the initial excitation possibly leads to thermal chem-
istry [48]. The first two non-thermal reaction mechanisms are restricted to the adsorbate
/ substrate interface and are particularly desirable for spatially selective surface mod-
ifications [201]. When photon irradiates on the adsorbate covered Si sample, the Si
substrate, the adsorbate and their complex can absorb photons, which is different from
that direct photon-excitation of an isolated gas molecule and may involve various surface
states [48–50, 201, 202].
Our experiments focused on the photo-induced reaction of Cl-containing molecules
on the Si surfaces. The direct cleavage of the C-Cl bond upon 193 nm laser irradiation
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is expected to produce a C· radical intermediate, which reacts with suitable unsaturated
functional groups, resulting in a secondary covalently bonded layer on the Si surfaces.
1.5 Objective and organization of this thesis
The main purpose of this thesis is to investigate the binding of unsaturated halo-
genated organic molecules onto Si surfaces, as well as the photo-induced secondary or-
ganic modification of Si surfaces.
Chapter I and Chapter II provide a brief introduction about the research background
and the working principles of surface analysis methods (EELS, XPS, and DFT calcu-
lations), respectively. In Chapter III, we present the adsorption studies of fluoroace-
tonitrile (N≡C-CH2F) and bromoacetonitrile (N≡C-CH2Br) on the Si(100)-2×1 surface
using EELS, XPS, and DFT calculations. N≡C-CH2F was found to attach onto Si(100)-
2×1 through the C≡N [2+2]-like cycloaddition, while N≡C-CH2Br chemisorbs on the
surface in the ene-like reaction. The surface reaction of chloroacetonitrile (N≡C-CH2Cl)
and propargyl chloride (HC≡C-CH2Cl) on the Si(100)-2×1 surface are described and
discussed in Chapter IV. N≡C-CH2Cl bonds onto the Si surface via the combination of
both [2+2] C≡N cycloaddition and ene-like reaction, while HC≡C-CH2Cl adsorbs on the
surface through the C-Cl bond dissociation.
In Chapter V, firstly, the adsorption of 3-chloro-1-propanol (HO-CH2CH2CH2-Cl) on
Si(100)-2×1 was shown to undergo a OH group dissociative reaction. Subsequently, the
photochemistry of the chemisorbed HO-CH2CH2CH2-Cl on Si(100)-2×1 was studied us-
ing XPS and EELS. Finally, the second covalently bonded HO-CH2CH2CH2-Cl layer was
successfully grafted on the HO-CH2CH2CH2-Cl modified Si(100) surface through laser
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irradiation and investigated by EELS and XPS. In Chapter VI, upon the covalent at-
tachment of 3-chloro-1-propanol on Si(111)-7×7 through the OH dissociation, the cyano
group from d3-acetonitrile is photochemically grafted onto 3-chloro-1-propanol modified
Si(111)-7×7 surface. Similar experiments were carried out in the covalent attachment of
benzonitrile molecule onto 3-chloro-1-propanol modified Si(111)-7×7 through the irradi-
ation of 193 nm laser.
The results of this thesis will lead to a better understanding of the reaction mech-
anisms of multi-functional halogenated organic molecules as well as the fabrication of
molecular architectures on Si surfaces.
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Figure 1.1: Top and side views of the ideal and reconstructed




(a) Electronic structure of a symmetric Si=Si dimer
(b) Electronic structure of an asym-
metric Si=Si dimer
Figure 1.2: Schematic illustration of a silicon dimer on Si(100)-2×1
surface: (a) Electronic structure of a symmetric Si=Si dimer; (b)
Electronic structure of an asymmetric Si=Si dimer.
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Figure 1.3: Top and side views of one Si(111)-7×7 unit cell based








Figure 1.4: The adjacent adatom-rest atom pair containing an elec-




2.1 Surface analytical techniques
The experimental techniques used in this project comprise high resolution electron
energy loss spectroscopy (HREELS) and X-ray photoelectron spectroscopy (XPS), which
provide vibrational and electronic information of adsorbates on solid surfaces. In addi-
tion, density functional theory (DFT) calculations are also employed to investigate the
surface reaction pathways, the adsorption energies and the optimized geometries of sur-
face reaction products.
2.1.1 High resolution electron energy loss spectroscopy
HREELS is a technique that uses an electron beam to probe the properties of solid
surfaces, such as phonon vibrations and vibrational modes of adsorbed molecules on the
surface, as well as the surface geometry [203]. The dielectric theory was first proposed in
1970s by Lucas et al [204] to provide a quantitative description of the electron energy loss
spectra obtained in specular reflection. The theory was originally designed to deal with
isotropic crystalline materials [205], however nowadays it is adapted for more complex
systems of anisotropic materials, such as GaAs heterostructures [206] and C60 fullerene
films on Cu(111) [207].
In a typical HREELS analysis, a highly monochromatic beam with a low energy
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of E0 impinging on the sample surface may excite a quanta energy ~ω and suffer an
energy loss (El) equivalent to El=E0-~ω before being reflected back into the vacuum.
An analysis of the energy loss spectrum of these backscattered electrons provides direct
information on the chemical bonds existing on the sample surface. As shown in Fig-
ure 2.1 (on page 33), an incoming monochromatic electron beam (typically 1 to 10 eV)
can be obtained by passing thermally emitted electrons through two 127° cylindrical
monochromators arranged in series. The reflected electrons are then collected by an
energy analyzer which has the same structure as the 127° cylindrical monochromator.
Two different and independent scattering mechanisms, namely dipole scattering and
impact scattering, are dominant. In the “dipole scattering” mechanism, when the in-
cident electrons interact with the adsorbed molecules, the electric field of the incident
electron perturbs the oscillating field of dipole active vibrational modes via long-range
coulombic forces at the surface. Therefore, only the vibrations with a dipole change nor-
mal to the surface are active. The inelastically scattered electrons appear in a “dipole
scattering” within a degree of the specular condition (angle of incidence equals to the
angle of reflection, see Figure 2.2 on page 34). However, in the “impact scattering”
mechanism, the incident electrons are scattered by short range interactions, which are
in the order of atomic dimensions. This short-range scattering mechanism involves a
much larger momentum transfer and produces a broad angular distribution of inelasti-
cally scattered electrons, namely in specular direction and off-specular direction (Fig-
ure 2.2 on page 34). Therefore, these two dominant mechanisms can be distinguished
by moving the detector away from the specular direction. Another special and distinc-
tive example of short-range impact scattering is the “negative ion resonance scattering”
mechanism [208]. In this resonance mechanism, the incident electron is trapped into
a temporary negative ion state derived from the unoccupied orbitals of the molecule.
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The negatively charged molecule has a rather short lifetime (10−10 to 10−15 seconds),
and its de-excitation process can lead to a vibrationally excited final state. The scat-
tered electron loses the net excitation energy. The intensity of electrons scattered by
this mechanism is strongly enhanced at certain primary electron energy (resonance) and
has its distinctive angular distribution related to the symmetry of the molecule and the
negative ion. Thus, by varying the orientation of the energy analyzer from the specular
mode to the off-specular mode, it is possible to gain information on the direction of the
individual vibrational mode.
HREELS is an intrinsically surface sensitive technique due to these three scattering
mechanisms, in which electrons are scattered by the outermost one or two layers of
a surface. Unlike photons, the electrons do not penetrate into the bulk. Compared
to Fourier transform infrared spectroscopy (FTIR) with a requirement of background
spectrum, HREELS can measure the vibrational spectrum of the clean, as well as the
adsorbate covered surface. Furthermore, HREELS can also cover the entire vibrational
spectrum, unlike IR where vibrations of <1000 wavenumbers cannot be observed without
specialized windows and detector technology. The major disadvantages of HREELS are
the inherent poor resolution (8 to 80 cm−1, compared to 0.8 to 40 cm−1 for FTIR)
of electron spectroscopy, the requirement of high vacuum conditions and longer data
acquisition time [209]. The limited resolution may prohibit the separation of vibrational
modes in some cases, while unique information on the surface interaction can be gathered
using HREELS in conjunction with its selection rules.
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2.1.2 X-ray photoelectron spectroscopy
The technique of XPS is now extensively used in providing both elemental and chem-
ical information, as well as quantitative information of molecules on the sample surface.
XPS is based on the photoelectric effect discovered by Hertz in 1887 [210] and developed
by Kai Siegbahn in the mid of 1960s [211], who was also awarded Nobel Prize in 1981
for his contribution in the development of XPS.
A typical XPS system consists of an X-ray source, a sample/support system, an
electron energy analyzer, and an electron detector, as schematically displayed in Fig-
ure 2.3 (on page 35). Aluminium (Al) and magnesium (Mg) are two most frequently
used X-ray emitting targets, due to their sufficient energies (1486.6 eV for Al Kα and
1253.6 eV for Mg Kα) to excite the core level electrons with narrow line widths (0.85 eV
for Al Kα and 0.7 eV for Mg Kα). The line width of X-ray source can be reduced to less
than about 0.3 eV with the use of a monochromator, which is expected to provide higher
resolution. In addition, all unwanted X-ray satellites and background radiation can be
eliminated. The energies of photoelectrons are analyzed using a concentric hemispherical
analyzer (CHA).
The basic principle for XPS is presented schematically in Figure 2.4 (on page 36). It
involves an incident X-ray radiation on the surface and a single electron ejection from
the core level. Any photon energy in excess of that needed for ionization is carried by the
outgoing electron in the form of kinetic energy, which can be described in the following
equation:
Ek = hν −Eb (2.1)
Where, hν is the energy of X-ray source, Eb is the binding energy and equals to the
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energy difference between the ionized and neutral states referenced to the vacuum level.
For conductive or semiconductive solid samples, the binding energy of electrons are
normally measured with respect to their Fermi level, as illustrated in the energy level
diagram in Figure 2.5 (on page 37). The energy difference between the Fermi level and
the vacuum level of the solid is defined as work function and is also taken into account.
Since both the sample and spectrometer are well grounded during experiments, their
Fermi level energies are equivalent. Therefore, the kinetic energy is given as:
Ek = hν − Eb − φspec (2.2)
Where, φspec is the work function of the spectrometer and not that of the sample, Eb is
the binding energy referenced to the Fermi level.
XPS spectra are generated by plotting the measured photoelectron intensity as a
function of binding energy. XPS is a surface sensitive technique due to the low inelastic
mean-free path of electrons around 0.5-20 nm. In comparison to AES (Auger electron
spectroscopy) and SIMS (secondary ion mass spectroscopy), XPS can provide vital el-
emental and chemical information, quantitative information, low sample damage and
diverse application in surface and materials analysis, now with the extension to study
insulating material [212]. The XPS spectra of the physisorbed multilayer and saturated
chemisorption monolayer were fitted with the software XPSPEAK 4.1 (developed by the
Chemistry department, Chinese University of Hong Kong). During the fitting, the full
width at half-maximum (FWHM) of each peak was kept at about 1.6 eV and the per-
centage of Lorentz and Gaussian is 50% over 50%, which is the typical resolution of the
C 1s, F 1s, Cl 2p, Br 3d, and N 1s core levels for our XPS system
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2.1.3 Density functional theory calculations
The theoretical calculations are often carried out to provide detailed insights into
reaction intermediates and mechanisms, as well as to complement experimental results.
The calculations of molecule/surface systems broadly fall into two categories: cluster-
based methods, which are popular in the quantum chemistry community, and periodic
slab methods, which originate from condensed matter physics [213]. In this work, only
cluster-based calculations using atom-centered Gaussian-type functions are utilized to
understand the fundamental reaction mechanisms and the nature of the reaction sites
of organic molecules on silicon surfaces. The adopted cluster in this work is too small
to be accurate for many purposes, except for adsorption energy and harmonic vibration
frequency calculation.
The Si(100)-2×1 surface was modeled by a finite cluster model of Si9H12 (Figure 2.6
on page 38), which is the smallest model with two Si-atoms resembling the active Si-
dimers on the (100) surface (the others being treated as the bulk material), for chemical
binding simulation. Si9H12 is one of the popular and suitable models in the calculation
of binding energy between chemicals and Si(100)-2×1 [73, 213–215]. The distance of
the Si-Si dimer in the optimized Si9H12 cluster for Si(100)-2×1 is comparable to the
value determined in experimental studies. The top layer consists of one pair of silicon
atoms, representing the surface dimers, while the remaining subsurface silicon atoms
are saturated by hydrogen atoms to avoid the dangling bond effects. All the hydrogen
atoms in the finite cluster of Si9H12 are not frozen during the simulation. Although the
terminating hydrogen atoms may create a chemical environment different from that of
the actual Si(100)-2×1 surface at the cluster boundary, a study on cluster models of
various sizes revealed that the error is insignificant [216].
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The cluster-based method is appropriate and most popular in the simulation of the
structure of Si(111)-7×7 for theoretical calculation [156]. The structure of Si(111)-7×7
in dimer-adatom-stacking model [86, 217] has been described in Chapter 1. Due to
the large size of its unit cell, the current computational power prohibits the geometry
optimization for the entire unit cell by first principle methods. The finite cluster model of
Si9H12 (Figure 2.7 on page 38) was also employed in chemical binding simulation for the
Si(111)-7×7 surface, which comprises only one pair of the adjacent adatom-rest atoms,
with the other seven silicon atoms saturated by hydrogen atoms. In contrast to Si(100)-
2×1, all capping hydrogen atoms in the Si9H12 model for Si(111)-7×7 are frozen during
the geometry optimization. The size of this Si9H12 cluster for Si(111)-7×7 is suitable for
most organic molecules reacting with silicon surfaces, as demonstrated in predicting the
adsorption configurations of benzene and furan on Si(111)-7×7 [19, 20, 156].
All the calculations were performed utilizing Gaussian 03 software package [218].
Full optimizations of geometries, adsorption energy and harmonic vibration frequency
calculations were performed with the method of three-parameter hybrid functional of
Becke using the Lee-Yang-Parr correlation functional (B3LYP) density functional the-
ory [219, 220]. The B3LYP density functional theory had been used extensively in
the past few years to calculate binding and activation energies of organic reactions on
silicon surfaces using the cluster approximation [112, 145, 221]. The standard basis
set 6-31G (d,p) was used for C, H, and N atoms. The heat of formation, equivalent
to adsorption energy, is obtained by subtracting the energy of the adsorbate/substrate




2.2.1 Ultra-high vacuum systems
The experiments were performed in two separate ultra-high vacuum (UHV) systems,
which were locally designed and custom-made using type-304 stainless steel by MDC
Corporation (USA). These two chambers are pumped by a turbo molecular pump (Var-
ian), a sputter ion pump (Perkin Elmer) and a titanium sublimation pump (TSP, Perkin
Elmer), retaining a base pressure better than 2×10−10 Torr. Both of them are equipped
with ion sputtering guns (PHI Model 04-161) for sample cleaning and housed an X-Y-
Z rotary manipulator (VG Omniax series), allowing the sample motion along x, y, z
directions with 360° rotation.
Chamber I is equipped with HREELS (LK2000-14R, LK Technologies, USA) for the
studies of vibrational properties, a fine leak valve for chemical dosing and a quadruple
mass spectrometer (UTI-100C, USA) for gas analysis. In HREELS, an electron beam
of 5 eV (monochromated with a double-pass 127° cylindrical deflector analyzer) was im-
pinged on the surface at an incident angle of 60° with respect to the surface normal
and the scattered electrons were detected by a single-pass 127° cylindrical deflector ana-
lyzer (CDA) in a specular geometry (Figure 2.1 on page 33). A resolution of 5 to 7 meV
(45 to 60 cm−1) was routinely achieved on clean silicon surfaces. All the EELS spectra
were collected at 110 K after annealing the sample to the desired temperatures.
The other chamber is equipped with an Mg/Al dual-anode X-ray source (XR3E2,
VG), a concentric hemispherical electron energy analyzer (VG CLAM 2) and a RGA 200
quadruple mass spectrometer (Stanford research systems, USA). The XPS spectra were
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acquired using the non-monochromatized Al Kα (1486.6 eV) or Mg Kα (1253.6 eV)
X-ray source with a pass energy of 20 eV and a take-off angle of 75°. The binding
energy (BE) was referenced to the peak maximum of Si 2p line (99.3 eV calibrated to
Au 4f7/2) [222] with a full width at half-maximum (FWHM) of 1.45 eV for clean silicon
surfaces. All XPS spectra were collected at 110 K after annealing the sample to the
desired temperatures.
2.2.2 Sample preparation
The silicon samples (18×7.5×0.38 mm3), cut from p-type boron-doped silicon wafers
(purity 99.999%, 1-30 Ω·cm, Goodfellow), were ultrasonically cleaned in HPLC methanol
and Millipore water to remove carbonaceous contaminants. A Ta foil (thickness 0.025 mm,
Goodfellow) was sandwiched between two experimental samples held together using two
Ta clips, and in turn spot-welded to two Ta posts at the bottom of a Dewar-type liquid
nitrogen (N2) cooled sample holder. The sample can be resistively heated to 1400 K by
passing a current through the Ta foil with the temperature ramp regulated by RHK 310
temperature controller (RHK Technology, USA) and cooled to 110 K by filling the sample
holder with liquid N2. The temperature was measured by a C-type (W/Re 5% - W/Re
26%, Goodfellow) thermocouple spot-welded to a small Ta tab, which was attached to
one Ta clip. High temperature measurement was also conducted with an infrared pyrom-
eter (T>800 K, TR-630, ǫ=0.74, Minolta), which shows a good temperature distribution
within ±10 K at 1000 K.
The silicon sample was thoroughly degassed at 900 K for overnight after bake-out
and was cleaned by several repeated cycles of Ar ion bombardment (500 eV, 30 minutes,
sample current 5 to 10 µA·cm−2) at a backing pressure of 3×10−5 Torr to remove the
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possible contaminants (such as carbon). It was subsequently annealed to 1200 K to
remove native surface oxide [223]. The surface cleanliness was routinely checked by XPS
and HREELS, while the 7×7 reconstruction structure for Si(111) and 2×1 reconstruction
structure for Si(100) were verified by STM in a separate chamber that is housed in the
same laboratory.
2.2.3 Pulsed laser
Two kinds of UV light sources, CW arc lamps and pulsed lasers, are commonly em-
ployed in surface photochemical experiments. In this study, an ArF excimer laser (COM-
Pex102 multigas LAMBDA PHYSIK, USA; λ=193 nm) was used. The pulse widths
range from 10 to 30 ns, the photon energy is 6.4 eV, and the repetition rate is adjustable
from 1 to 200 Hz. The high voltage constant mode was used during the experiments.
The output pulse energy is in the range of 0 to 4 W and was monitored by the built-in
power meter. During the course of experiment, the laser with an intensity of 0.04 W/cm2
was introduced into the UHV chamber through a quartz window. The surface photore-
action can be normally followed by detecting the surface species or reaction products
during and after irradiation [48]. In this investigation, the second approach was used
and conventional surface analysis techniques, such as XPS and EELS, were utilized to
detect the products retained on the surface after irradiation. For HREELS studies, the
light beam was directed perpendicularly via two reflectors to the quartz viewport (UV
grade sapphire, MDC) that is mounted on the UHV chamber. For XPS investigations,
the light beam was incident directly to the quartz viewport that is mounted on the
UHV chamber. The sample position was aligned using the fluorescence emitted from the
screws in the sample holders to ensure that the sample is positioned vertically to the
light beam and is irradiated in a uniform manner. The incident power fluxes delivered to
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the silicon surface were measured outside the chamber with a power meter at the same
sample-photon source distance with the same optical components.
2.2.4 Organic molecules
Fluoroacetonitrile (98%), bromoacetonitrile (97%), chloroacetonitrile (99%), propar-
gyl chloride (98%), d3-acetonitrile (99.96 atom% D), and benzonitrile (99%) used in this
study were obtained from Sigma-Aldrich Chemical Company, and 3-chloro-1-propanol
(98%) was purchased from Merck Pte Ltd. Each chemical underwent several freeze-
pump-thaw cycles with the vacuum line connected to a sorption pump to remove air or
other volatile contaminants and its purity was verified by in-situ mass spectral analysis.
All chemicals were introduced into the chamber through a 4-mm-ID (inner diameter)
stainless steel tube by direct dosing (located 5 mm to the front of the sample surface),
or by background dosing (direct backfilling the chamber) via a precision leak valve. The
exposure was obtained from the chamber pressure increase without ion gauge sensitivity
calibration and expressed in the unit of Langmuir (L) (1 L=1×10−6 Torr·s).
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Figure 2.1: The schematic diagram of high resolution electron en-
ergy loss spectroscopy (HREELS) system (LK2000-14R).
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Figure 2.2: The schematic illustration of specular and off-specular
geometry in HREELS experimental methods.
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Figure 2.6: The finite fully optimized cluster model of Si9H12 for
Si(100)-2×1.







Previous theoretical and experimental studies showed that the Si dimers, formed dur-
ing the reconstruction of the clean Si(100) surface, would play a critical role in chemical
reactivity and product distribution [63, 224]. The combination of the simplest unsatu-
rated cyano-containing hydrocarbons (CH3C≡N) with halogen atoms would provide an
important family of haloacetonitriles with unique hybrid properties that are of funda-
mental and practical interests to silicon surface chemistry [225]. To date, there has been
no systematic study reported for haloacetonitriles on Si surfaces.
In this chapter, fluoroacetonitrile (N≡CCH2F) and bromoacetonitrile (N≡CCH2Br)
are chosen to integrate the intact C-X (X=F, Br) bonds on the Si(100)-2×1 surface in
a controllable manner for further photochemical modification and functionalization. A
detailed understanding of the attachment mechanisms and bonding selectivities of halo-
genated organic molecules on the Si(100)-2×1 surface is essential. N≡CCH2F, the light-
est halogenated derivatives among the halogen substituted acetonitriles [226], has two
functional groups, C-F and C≡N. These two functional groups are the probable reactive
centers in the adsorption of N≡CCH2F on the Si(100)-2×1 surface. While, N≡CCH2Br,
another halogenated organic compound, is frequently used as an organic synthetic in-
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termediate in solution media. If bromoacetonitrile can be successfully attached onto Si
surfaces, a new research outlet for its dry organic synthesis may be opened. The present
work therefore focuses on the reaction mechanisms of N≡CCH2F and N≡CCH2Br on
Si(100)-2×1 to identify the impact of halogen atoms on the reaction pathways.
3.1 [2+2]-like cycloaddition of fluoroacetonitrile on
Si(100)-2×1
3.1.1 High resolution electron energy loss spectroscopy
High resolution electron energy loss spectroscopy was employed to investigate the
adsorption of N≡CCH2F on Si(100)-2×1, and the results are shown in Figure 3.1 (on
page 53). The energy losses at 2960, 2256, 2080, 1420, 1358, 1240, 1040, 920, 795,
721, 540, and 350 cm−1 can be clearly resolved in Figure 3.1a and they are consistent
with those in the FTIR, and Raman spectra as well as the calculated assignment of
vibrational modes [226–229] of the liquid phase, suggesting the formation of physisorbed
multilayer N≡CCH2F on the Si(100)-2×1 surface. The peaks at 2960, 1420, 1358, and
1240 cm−1 can be assigned to the corresponding stretching, deformation, wagging, and
twisting modes of the CH2 group, respectively. The C≡N stretching mode is located
at 2256 cm−1 [110]. The characteristic stretching vibrational feature of C-F appears at
1040 cm−1 and its second overtone is observed at about 2080 cm−1 [230, 231].
When the sample covered with physisorbed N≡CCH2F was annealed to 300 K to
drive away all the physisorbed molecules, the EELS spectrum of chemisorbed molecules
on Si(100)-2×1 (Figure 3.1b on page 53) was obtained. The EELS spectrum displays
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the loss peaks at 2960, 2080, 1620, 1420, 1358, 1240, 1040, 721, 540, and 463 cm−1.
The detailed assignments of the vibrational features for physisorbed and chemisorbed
N≡CCH2F on Si(100)-2×1 are listed in Table 3.1 (on page 65). The vibrational peak
at about 910 cm−1 [232], which can be assigned to the Si-F stretching mode, is not ob-
served in Figure 3.1b, clearly indicating that the C-F bond dissociation does not occur
upon the chemisorption. This is further supported by the presence of the C-F stretch-
ing mode (1040 cm−1) and its second overtone stretching mode (2080 cm−1) in the
chemisorbed spectrum. The disappearance of the C≡N stretching mode (2256 cm−1)
and the appearance of the C=N stretching vibration (1620 cm−1) [110] suggest that
N≡CCH2F attaches on the Si(100)-2×1 surface through C≡N [2+2]-like cycloaddition.
The additional features at 463 cm−1 can be attributed to the Si-C and Si-N stretching
modes which are consistent with previous studies [22, 233]. The proposed reaction mech-
anism of fluoroacetonitrile on Si(100)-2×1 is schematically depicted in Figure 3.5 (on
page 57).
3.1.2 X-ray photoelectron spectroscopy
The C1s XPS spectra for physisorbed and chemisorbed fluoroacetonitrile on Si(100)-
2×1 are displayed in Figure 3.2 (on page 54). The photoemission features of physisorbed
fluoroacetonitrile were obtained after exposing the clean silicon sample to 2 L of fluo-
roacetonitrile at 110 K, as shown in Figure 3.2b (on page 54). Only one symmetric peak
at 287.5 eV with a FWHM (full-width at half maximum) of about 1.6 eV was observed,
which is related to the two carbon atoms in N≡C1C2H2F. The binding energy (BE)
of C1 is consistent with the value obtained for the carbon atom of C≡N group in the
previous studies [23, 234]. The most electronegative F atom (4.0, Pauling Scale) leads
to the higher BE of adjacent C2 atom as compared to that of normal sp3 hybridized C
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atoms [234]. Compared to the C1s XPS spectrum of physisorbed molecules, the spectrum
(Figure 3.2a on page 54) of chemisorbed molecules is significantly different. Figure 3.2a
can be deconvoluted into two peaks centered at 285.6 and 287.3 eV with an area ratio of
1:1 which is consistent with the Si-N=C1(C2H2F)-Si structure for chemisorbed molecules
as proposed by the HREELS results. As the C-F bond is intact upon chemisorption,
the peak at 287.3 eV can be attributed to the C2 atom that is directly bonded to the F
atom [235, 236]. The photoemission peak at 285.6 eV, which is similar to the binding




on the Si(111)-7×7 surface [25], can be assigned to the C1 atom (sp2 hybridization) in
the Si-C1(C2H2F)=N-Si structure. Moreover, previous studies have shown that the C1s
binding energy of the sp2 hybridized carbon is 0.5 to 0.8 eV higher than that (284.8 eV)
of the sp3 hybridized carbon [132, 155, 237].
Figure 3.3 (on page 55) presents the N1s XPS spectra of physisorbed and chemisorbed
fluoroacetonitrile on the Si(100)-2×1 surface. Both spectra show a single symmetric
peak with the same FWHM (1.65 eV), suggesting that there is only one chemically
distinguishable form of N atom in physisorbed and chemisorbed molecules. The N1s
binding energy of the physisorbed molecules is located at 400.3 eV and is consistent with
the reported value for physisorbed molecules containing cyano group [23, 110]. Compared
to the spectrum for physisorbed fluoroacetonitrile, the N1s core level for chemisorbed
molecules is downshifted by about 1.6 eV to 398.7 eV, which is indicative of the direct
involvement of N atom in the binding of fluoroacetonitrile on the Si(100)-2×1 surface.
The value of 398.7 eV for N1s in the chemisorbed fluoroacetonitrile is in good agreement
with the Si-N species formed upon chemisorption of cyano-containing organic molecules
on Si surfaces [25, 111].
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The F1s XPS spectra of physisorbed and chemisorbed fluoroacetonitrile on Si(100)-
2×1 are shown in Figure 3.4 (on page 56). The F1s peak position at 687.4 eV (Figure 3.4)
is consistent with the typical value for C-F species [236, 238]. The observed F1s pho-
toemission values for physisorbed and chemisorbed fluoroacetonitrile are identical and
significantly higher than that for F in the Si-F species (about 685.1 eV) [239]. This
clearly indicates that the C-F group is retained in the chemisorbed products, in excellent
agreement with the HREELS results. The detailed assignments of the XPS results are
listed in Table 3.2 (on page 66).
3.1.3 Density functional theory calculations
In order to gain a better understanding of the experimental results, density functional
theory (DFT) calculations were used to obtain the optimized geometries and adsorption
energies for the possible adsorption configurations: (a) [2+2]-like cycloaddition through
C≡N group; (b) simple dissociation of the C-F bond to form Si-F and Si-CH2-C≡N-like
species; (c) dative bonding between N and Si through the interaction of the lone pair
electrons of the N atom with the Si dangling bond, similar to the study of acetonitrile
on the Si(001)-2×1 surface [240]; (d) ene-like reaction leading to the formation of Si-
N=C=CH2 structure and Si-F linkages.
The DFT calculations were performed using B3LYP/6-31G(d,p) Gaussian 03 pack-
age [218]. The optimized possible configurations of chemisorbed fluoroacetonitrile on
Si(100)-2×1 (Mode I-IV) are shown in Figure 3.6 (on page 58). The adsorption energies
for these four possible configurations of chemisorbed fluoroacetonitrile on the Si(100)-2×1
surface are listed in Table 3.3 (on page 66). The adsorption energy can be calculated using
this formula: ∆E=E(Si9H12)+E(N≡C-CH2F)-E(N≡C-CH2F/Si9H12). From this table,
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it is noticed that the simple dissociation of C-F bond (Mode II) and the ene-like reac-
tion (Mode IV) presented higher adsorption energies than [2+2]-like cycloaddition (Mode
I). The reactions involving the C-F bond breakage (Mode II and Mode IV) may have
a higher activation barrier. Thus, it it possible that the adsorption of fluoroacetonitrile
on the Si(100)-2×1 surface, [2+2]-like cycloaddition, may be kinetically controlled, as
illustrated in Figure 3.5 (on page 57).
3.2 Ene-like reaction of bromoacetonitrile attachment
on Si(100)-2×1
3.2.1 High resolution electron energy loss spectroscopy
The high resolution electron energy loss spectra of Si(100)-2×1 exposed to bromoace-
tonitrile (N≡CCH2Br) are exhibited in Figure 3.7 (on page 59). The detailed vibrational
frequencies and their corresponding assignments for physisorbed and chemisorbed bro-
moacetonitrile on Si(100)-2×1 are listed in Table 3.4 (on page 67). The vibrational
spectrum for physisorbed bromoacetonitrile was obtained after exposing 10 L bromoace-
tonitrile onto the Si(100)-2×1 surface at 110 K. The peaks at 2980, 2257, 1860, 1408,
1202, 930, 645, 439, and 355 cm−1 can be identified and are in good agreement with
the FTIR and Raman spectra of bromoacetonitrile in liquid phase [228, 241], as well as
the calculated assignment of vibrational modes [227]. Among these vibrational features,
the peaks at 645 and 439 cm−1 are assigned to the C-Br stretching and the C-C-Br
deformation mode, respectively. The C≡N stretching mode at 2257 cm−1 can be clearly
observed in the physisorbed spectrum. The energy losses at 2980, 1408, and 1202 cm−1
can be attributed to the stretching, bending, and torsion modes of the CH2 species, re-
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spectively [241]. The C-C stretching mode appears at 930 cm−1, together with its second
overtone stretching mode located at about 1860 cm−1 [228].
The chemisorbed EELS spectrum of bromoacetonitrile on the Si(100)-2×1 surface
that was obtained by annealing the multilayer bromoacetonitrile-covered sample to 300 K
to remove all physisorbed molecules is presented in Figure 3.7b (on page 59). The peak
losses at 2980, 2054, 1408, 1010, 660, 485, and 355 cm−1 can be clearly resolved in the
chemisorbed spectrum. The absence of the C≡N stretching mode at 2257 cm−1 strongly
suggests that the C≡N group is involved in the surface reaction. The appearance of
two peaks at 2054 and 660 cm−1 can be assigned to the typical asymmetric stretching
vibration of the C=C=N skeleton [22, 242] and its bending mode [22], respectively. The
expected symmetric stretching mode of the C=C=N skeleton (1160 cm−1 [242]), can
not be distinguished due to its overlapping with the broad peak at 1010 cm−1. A new
vibrational feature at 485 cm−1 can be ascribed to the Si-Br and Si-N stretching modes,
which are consistent with previous studies [22, 232, 243]. The peak at 1408 cm−1 remains
upon the chemisorption of bromoacetonitrile, indicating the retention of CH2 group on
the surface.
The EELS results suggest that the ene-like reaction of bromoacetonitrile on the
Si(100)-2×1 surface occurs with the cleavage of the C-Br bond and the formation of
Si-N=C=CH2-like structure, as demonstrated in Figure 3.11 (on page 63).
3.2.2 X-ray photoelectron spectroscopy
Figure 3.8 (on page 60) depicts the Br3d XPS spectra for physisorbed and chemisorbed
bromoacetonitrile on Si(100)-2×1. The Br3d photoemission features split into two peaks,
which can be ascribed to Br3d5/2 and Br3d3/2, with the ∆E=1.05 eV and a peak area
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ratio of 3:2 [222]. In contrast to the physisorbed spectrum, there is a downshift of about
1 eV in the chemisorbed spectrum, indicating that the change of the chemical envi-
ronment for Br atom during absorption. In the physisorbed spectrum (Figure 3.8b on
page 60), the peak at 70.1 eV can be assigned to Br3d5/2, which is the characteristic bind-
ing energy for Br in the C-Br bond [244, 245] and is comparable to the value obtained for
physisorbed propargyl bromide on Ag(111) [244] and bromide-containing molecules on
Si(111) surfaces [245]. In the chemisorption spectrum (Figure 3.8a), the Br3d5/2 binding
energy of 69.1 eV is close to that for the typical Si-Br species [188, 245]. Given the
higher electronegativity of C (2.5, Pauling scale) with respect to Si (1.8), therefore the
Br3d5/2 binding energy in the C-Br group should exhibit a higher BE than that in the
Si-Br species [225, 246], as observed in Figure 3.8. The Br3d XPS experimental results
indicate the dissociation of the C-Br bond to form Si-Br species upon the chemisorption
of bromoacetonitrile on the Si(100)-2×1 surface.
The C1s core level results are presented in Figure 3.9 (on page 61). The physisorbed
XPS spectrum (Figure 3.9b) shows a symmetric peak at 287.2 eV with a FWHM of about
1.6 eV. The two C atoms in N≡C1-C2H2-Br can not be distinguished due to the limitation
of the XPS resolution. When acetonitrile is physisorbed on Si surfaces, the C atom in the
C≡N group shows quite similar binding energy, around 287.0 eV [23]. In addition, the
higher electronegative Br atom (2.9) contributes to the relative high C1s binding energy
of its neighboring C2 atom. Thus, the single C1s photoemission peak at 287.2 eV for
physisorbed molecules is comparable and consistent well with previous studies [23, 234].
Compared to the C1s XPS spectrum for physisorbed molecules, the chemisorbed XPS
spectrum (Figure 3.9a) shows a deconvolution of two peaks located at 285.6 and 286.8 eV
with an area ratio of 1:1. This is in good agreement with the Si-N=C1=C2H2 structure
proposed for chemisorbed molecules based on HREELS results. These C1s core level
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values are obviously higher than those for the Si-C species (284.8 eV) [23], indicating
that neither of these two carbon atoms is directly bonded to the silicon surface. The C1s
XPS peak at 286.8 eV can be ascribed to the C1 atom (sp hybridization) adjacent to
the more electronegative N (3.1) atom, consistent well with the C1s XPS value obtained
for physisorbed pyrazine on Si surfaces [74, 153]. Although the C1 atom also retains the
sp hybridization in the chemisorption states (Si-N=C1=C2H2), its C1s binding energy
slight downshift (0.4 eV) upon chemisorption is associated with the reduced polarization
in the N=C group caused by the rehybridization of the newly formed Si-N bond and the
conversion of N≡C-C skeleton to N=C=C. The photoemission value at 285.6 eV, which
is assigned to the C2 atom in the terminal CH2 group, is the characteristic value for the
C atom in the sp2 hybridization [155], suggesting the synergistic formation of C=C bond
with the dissociation of the C-Br bond.
The N1s XPS studies are displayed in Figure 3.10 (on page 62). Both spectra present
a single symmetric peak with the same FWHM (1.6 eV), suggesting that there is only
one chemically distinguishable form of N atom in the physisorption and chemisorption
states. The N1s binding energy for physisorbed bromoacetonitrile is at 400.2 eV, which
is consistent with that for other physisorbed cyano-containing molecules [110, 247]. The
N1s core level for chemisorbed molecules shows a downshift by 1.7 eV to 398.5 eV,
strongly indicating that the N atom is directly bonded to the Si(100)-2×1 surface. The
N1s binding energy at 398.5 eV of chemisorbed bromoacetonitrile agrees with that for
Si-N species well formed upon chemisorption of cyano group containing organic molecules
on Si surfaces [111, 112]. The elaborate assignments of the XPS results are shown in
Table 3.5 (on page 68).
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3.2.3 Density functional theory calculations
In general, there are four possible binding modes (Figure 3.12 on page 64) for bro-
moacetonitrile chemisorption on the Si(100)-2×1 surface: (a) [2+2]-like cycloaddition
through C≡N group; (b) simple dissociation of C-Br bond to form Si-Br and Si-CH2-
C≡N-like species; (c) N→Si dative bonding between the lone pair electrons of the N
atom and the Si dangling bond [240]; and (d) ene-like reaction leading to the formation
of Si-N=C=CH2 structure and Si-Br species.
Our density functional theory (DFT) calculations (B3LYP/6-31G(d,p) in Gaussian
03 package) [218] focus on the geometry optimization and total energy calculation of
Modes (I-IV), as well as the frequency calculation of Mode IV. Si9H12 / bromoacetonitrile
were modeled using the above-mentioned clusters and calculation methods. The calcu-
lated adsorption energies of the four binding configurations are listed in Table 3.6 (on
page 68). The adsorption energy, synonymous with the heat of formation, can be cal-
culated using this formula : ∆E=E(Si9H12)+E(N≡C-CH2Br)-E(N≡C-CH2Br/Si9H12).
From the table, it is unambiguous that the ene-like reaction (Mode IV) has the largest
adsorption energy and is the most thermodynamically stable, which is in excellent con-
sistence with EELS and XPS experimental results. Its value (363 kJ/mol) is higher than
those of the [2+2]-like cycloaddition [Mode I] (152 kJ/mol) and the C-Br dissociation
[Mode II] (316 kJ/mol). The formation of N→Si is not stable and its corresponding
adsorption energy cannot be obtained. In summary, both experimental results and the-
oretical calculations reveal the formation of Si-N=C=CH2 and Si-Br species and the
ene-like chemisorption of bromoacetonitrile on Si(100)-2×1, as schematically illustrated




3.3.1 The bonding configurations of fluoroacetonitrile on the
Si(100)-2×1 surface
The HREELS and XPS experimental results strongly prove that fluoroacetonitrile
covalently attaches on the Si(100)-2×1 surface via the [2+2]-like cycloaddition through
the C≡N group, excluding other possible binding configurations. In the chemisorbed
EELS spectrum (Figure 3.1b on page 53), the disappearance of C≡N stretching mode
at 2256 cm−1, coupled with the new appearance of C=N stretching mode (1620 cm−1),
Si-N stretching mode (463 cm−1), and Si-C stretching mode (463 cm−1) confirms the
formation of [2+2]-like cycloadduct through the C≡N group. The intact C-F stretch-
ing mode (1040 cm−1) in the chemisorbed EELS spectrum and the unaltered F1s XPS
binding energy (687.4 eV) in the chemisorbed XPS spectrum show that the C-F bond is
retained on the surface upon chemisorption. Moreover, the absence of the asymmetric
stretching mode (2030 cm−1) and the symmetric stretching mode (1160 cm−1) of the
N=C=C skeleton [242] in the chemisorbed HREELS spectrum and the unchanged F1s
binding energy in the XPS spectra rule out the possibility of both ene-like reaction and
C-F dissociative reaction of fluoroacetonitrile on Si(100)-2×1. The absence of N1s inten-
sity about 401.8 eV [38] also excludes the dative-bonding reaction of fluoroacetonitrile
on Si(100)-2×1. Since the C-F bond has the highest bond energy around 488 kJ/mol,
the C-F bond dissociation is energetically difficult and a higher energy barrier may be
involved in the occurrence of the ene-like reaction and C-F dissociation. Therefore, fluo-




3.3.2 The attachment of bromoacetonitrile on the Si(100)-2×1
surface
The experimental observations prove the ene-like chemisorption of bromoacetonitrile
on the Si(100)-2×1 surface. The formation of the Si-N=C=CH2-like product is verified
by the appearance of N=C=C asymmetric stretching mode at around 2054 cm−1 and
N=C=C bending mode at approximately 660 cm−1 in the chemisorbed EELS spectrum.
The obvious chemical downshift of N1s (1.7 eV), Br3d5/2 (1.0 eV), and C
21s (1.6 eV) in
the chemisorbed XPS spectra also confirmed that N≡C1-C2H2Br selectively attaches onto
the Si(100)-2×1 surface with the formation of Si-N=C1=C2H2 and Si-Br species. The
DFT calculations demonstrate that the ene-like reaction is the most thermodynamically
stable surface reaction and has the largest adsorption energy among the four possible
surface reactions. The absence of the C=N stretching mode at around 1620 cm−1 rules
out the possibility of the [2+2]-like cycloaddition of bromoacetonitrile on the Si(100)-2×1
surface through the C≡N group (Mode I). In addition, the disappearance of the C≡N
stretching mode precludes the simple C-Br dissociative reaction as the C-Br breakage
mode will lead to the formation of Si-CH2-C≡N-like and Si-Br species on the Si(100)-2×1
surface (Mode II).
3.3.3 The reaction mechanisms of fluoroacetonitrile and bro-
moacetonitrile on the Si(100)-2×1 surface
The different reaction selectivity of fluoroacetonitrile and bromoacetonitrile on Si(100)-
2×1 can be understood by considering the reaction mechanisms. The adsorption of
organic molecules on silicon surfaces follows a stepwise pathway and begins with the
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formation of a weakly bonded precursor [122, 137]. For the organic molecules containing
N or O atoms, the formation of the datively bonded species via the donation of their lone
pair electrons from N or O atoms to the electronically deficient adatom site is a barrierless
pathway, lowering the energy barrier of the surface reaction [8, 12]. Fluoroacetonitrile
and bromoacetonitrile can adsorb through the dative bonding of the molecules to the
electronically deficient “down” atom in the Si(100)-2×1 dimer via electron donation
from the lone pair electron of the N atom, similar to the case of acetonitrile on Si(001)-
2×1 [240, 248]. For bromoacetonitrile, one C-H bond in acetonitrile is replaced by one
C-Br bond. Given the C-Br bond strength (288 kJ/mol) is much weaker than that of the
C-H bond (413 kJ/mol) [249], the C-Br bond is easier to dissociate compared to the C-H
bond to enhance the ene-like reaction selectivity of bromoacetonitrile on the Si(100)-2×1
surface. Our results in this study also confirmed that bromoacetonitrile selectively ad-
sorbs on Si(100)-2×1 via the ene-like reaction with the dissociation of the C-Br bond and
the formation of the standing accumulative double (Si-N=C=CH2) bond, as illustrated
in Figure 3.11 (on page 63). Similarly, one C-H bond in acetonitrile is substituted by
the C-F bond in fluoroacetonitrile. However, the C-F bond strength (488 kJ/mol) is
significantly stronger than that of the C-H bond (413 kJ/mol), and a high energy barrier
may be involved in facilitating the occurrence of the ene-like reaction of fluoroacetonitrile
on Si(100)-2×1. Therefore, fluoroacetonitrile adsorbs on the Si(100)-2×1 surface in the
[2+2]-like cycloaddition through C≡N group through a possible lower activation energy.
3.4 Conclusion
The adsorption of fluoroacetonitrile and bromoacetonitrile on the Si(100)-2×1 surface
was investigated by EELS, XPS, and DFT calculations. Fluoroacetonitrile chemisorbs on
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Si(100)-2×1 through the C≡N [2+2]-like cycloaddition and produces the Si-C(CH2F)=N-
Si linkage at the surface. In contrast, bromoacetonitrile attaches on the Si(100)-2×1
surface via the ene-like reaction involving the formation of Si-N=C=CH2-like and Si-Br
species. These different reaction mechanisms demonstrate that the halogen atoms play an
important role in determining the surface reaction pathways of bifunctional molecules
on Si(100)-2×1 and offer a great flexibility in organic modification of silicon surfaces.
The standing cumulative double bonds (Si-N=C=CH2) formed in the ene-like reactions
of bromoacetonitrile on Si(100)-2×1 may be employed as precursors for further chemical
modification and functionalization of silicon surfaces or as intermediates for dry organic
synthesis. The intact C-F bond on Si(100)-2×1 can serve as an intermediate for further
photochemical modification by introducing suitable photons. Therefore, by fine-tuning
molecular structures, it is possible to bind the molecules in a controlled way and create
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Figure 3.1: HREELS spectra obtained after exposing Si(100)-2×1
surface to 2 L fluoroacetonitrile at 110 K (a); and annealed the
sample (a) to 300 K (b). Ep=5.0 eV; specular mode.
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Figure 3.2: The fitted C1s XPS spectra of fluoroacetonitrile on
Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by an-
nealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 2 L fluoroacetonitrile to silicon surface at 110 K.
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Figure 3.3: The deconvoluted N1s XPS spectra of fluoroacetonitrile
on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by
annealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 2 L fluoroacetonitrile to silicon surface at 110 K.
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Figure 3.4: The fitted F1s XPS spectra of fluoroacetonitrile on
Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by an-
nealing sample (b) to 300 K; (b) physisorbed spectrum, obtained

















Figure 3.5: Schematic diagram for the adsorption of fluoroacetonitrile on Si(100)-2×1 surface.
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(a) [2+2]-like cycloaddition (b) C-F dissociation
(c) N dative bonding (d) Ene-like reaction
Figure 3.6: Optimized N≡CCH2F/Si9H12 clusters corresponding to
the four possible attachment modes through [2+2]-like cycloaddi-
tion (Mode I), C-F dissociation (Mode II), N dative bonding (Mode
III), and ene-like reaction (Mode IV).
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Figure 3.7: HREELS spectra obtained after exposing Si(100)-2×1
surface to 10 L bromoacetonitrile at 110 K (a); and annealed the
sample (a) to 300 K (b). Ep=5.0 eV; specular mode.
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Figure 3.8: The deconvoluted Br3d XPS spectra of bromoacetoni-
trile on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained
by annealing sample (b) to 300 K; (b) physisorbed spectrum, ob-
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Figure 3.9: The deconvoluted C1s XPS spectra of bromoacetonitrile
on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by
annealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 10 L bromoacetonitrile to silicon surface at 110 K.
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Figure 3.10: The deconvoluted N1s XPS spectra of bromoacetoni-
trile on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained
by annealing sample (b) to 300 K; (b) physisorbed spectrum, ob-

















Figure 3.11: Schematic diagram for the adsorption of bromoacetonitrile on Si(100)-2×1 surface.
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(a) [2+2]-like cycloaddition (b) C-Br dissociation
(c) N dative bonding (d) Ene-like reaction
Figure 3.12: Optimized N≡CCH2Br/Si9H12 clusters correspond-
ing to the four possible attachment modes through [2+2]-like cy-
cloaddition (Mode I), C-Br dissociation (Mode II), N dative bond-







Table 3.1: Vibrational Assignments of Physisorbed and
Chemisorbed Fluoroacetonitrile on Si(100)-2×1 Surface (cm−1).










νas(CH2) 3021 2992 2960 2960
νs(CH2) 2983 2970
ν(C≡N) 2266 2264 2256
Overtone of ν(C-F) 2080 2080
ν(C=N) 1620
δ(CH2) 1461 1461 1420 1420
ω(CH2) 1389 1383 1358 1358
τ(CH2) 1259 1250 1240 1240
ν(CC) 922 919 920
γ(CH2) 1092 1020
ν(C-F) 1054 1071 1040 1040
β(CCF) 575 557 540 540
β(CCF)+β(CCN) 773 795
Overtone of ω(CCN) 721 721










Table 3.2: Fitted XPS Results for Physisorbed and Chemisorbed
Fluoroacetonitrile on Si(100)-2×1 Surface (eV).
N≡C1C2H2F Physisorption Chemisorption Downshift
F1s 687.4 687.4 0
C11s 287.5 285.6 1.9
C21s 287.5 287.3 0.2
N1s 400.3 398.7 1.6
Table 3.3: Calculated Adsorption Energies of the Local Min-
ima in the N≡CCH2F/Si9H12 Model System from B3LYP/6-
31G(d,p) (kJ/mol).
Binding Mode I II III IV
Adsorption Model 2+2 C-F dissociative N-dative Ene-like reaction







Table 3.4: Peaks Assignments of Physisorbed and Chemisorbed
Bromoacetonitrile (B.A.) on Si(100)-2×1 Surface (cm−1).













Overtone of ν(CC) 1860
δ(CH2) 1413 1408 1408
ω(CH2) 1215 1202 1210
















Table 3.5: Deconvoluted XPS Results for Physisorbed and
Chemisorbed Bromoacetonitrile on Si(100)-2×1 Surface (eV).
N≡C1C2H2Br Physisorption Chemisorption Chemical shift
Br(3d5/2) 70.1 69.1 1
C21s 287.2 285.6 1.6
C11s 287.2 286.8 0.4
N1s 400.2 398.5 1.7
Table 3.6: Calculated Adsorption Energies of the Local Min-
ima in the N≡CCH2Br/Si9H12 Model System from B3LYP/6-
31G(d,p) (kJ/mol).
Binding Mode I II III IV
Adsorption Model 2+2 C-Br dissociative N-dative Ene-like reaction




chloride attachment on Si(100)-2×1
In Chapter 3, the impact of different halogen atoms on the reaction pathways of the
C≡N group was investigated. It was clearly shown that fluoroacetonitrile attaches on
Si(100)-2×1 via the C≡N [2+2]-like cycloaddition, while bromoacetonitrile adsorbs on
the surface in the ene-like reaction with the dissociation of the C-Br bond and the
formation of accumulative double bond (Si-N=C=CH2). In this chapter, two chlo-
rinated unsaturated organic molecules, chloroacetonitrile (N≡CCH2Cl) and propargyl
chloride (HC≡CCH2Cl), were chosen to investigate the effect of C-Cl bond on the C≡N
and C≡C groups in their surface reactions. The electronegativity of Cl (3.2, Paul-
ing scale) is between the values of F (4.0) and Br (2.8) [246], and the C-Cl bond en-
ergy (330 kJ/mol) is also between those of the C-F bond (488 kJ/mol) and the C-Br
bond (288 kJ/mol) [249].
In this study, chloroacetonitrile was found to chemisorb on Si(100)-2×1 via the com-
bination of [2+2]-like cycloaddition and the ene-like reaction, while propargyl chloride
was demonstrated to react with the Si(100)-2×1 surface via the simple C-Cl bond disso-
ciation to form the Si-CH2-C≡CH-like and Si-Cl species. To the best of our knowledge,
this is the first example of the intact C≡C triple bond on the Si(100)-2×1 surface upon
the chemisorption of organic molecules. In this chapter, the relationship of the different
reaction mechanisms and the chemical reactivities of the C≡N and C≡C triple bonds on
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Si(100)-2×1 will be discussed.
4.1 Coexistence of [2+2]-like cycloaddition and ene-
like reaction of chloroacetonitrile on Si(100)-2×1
4.1.1 High resolution electron energy loss spectroscopy
Figure 4.1 (on page 84) shows the high resolution electron energy loss spectra of
chloroacetonitrile on Si(100)-2×1. The physisorbed spectrum (Figure 4.1a), which was
obtained by exposing approximately 2 L chloroacetonitrile onto Si(100)-2×1 at 110 K, is
in agreement with the FTIR and Raman spectra and the calculated assignments of the
normal vibrational modes of chloroacetonitrile in liquid phase [227–229, 250–252]. The
loss peaks at 348, 470, 750, 920, 1182, 1267, 1420, 1840, 2256, 2980, and 3070 cm−1 can
be resolved, indicating the formation of condensed multilayers of chloroacetonitrile on the
Si(100)-2×1 surface. Among these vibrational features, the peaks at 3070 and 2980 cm−1
can be ascribed to CH2 asymmetric and symmetric stretching modes, respectively [252].
The C≡N stretching mode appears at 2256 cm−1. The peaks at 750 and 470 cm−1
can be assigned to the C-Cl stretching mode and the C-C-Cl skeletal bending mode,
respectively [251]. A series of CH2 bending, wagging, and twisting modes are obviously
noticeable at 1420, 1267, and 1182 cm−1, respectively.
Upon annealing the physisorbed multilayer chloroacetonitrile-covered Si(100)-2×1 to
300 K, different vibrational features are obtained, shown in Figure 4.1b (on page 84).
The vibrational features at 2980, 2051, 1630, 1420, 1229, 1148, 1040, 950, 790, 674,
and 535 cm−1 were clearly observed in Figure 4.1b. The detailed vibrational frequen-
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cies and their assignments for physisorbed and chemisorbed molecules are listed in
Table 4.1 (on page 95). The disappearance of the C≡N stretching mode at around
2256 cm−1 demonstrates that the C≡N group is involved in this chemisorption. The re-
tained C-Cl stretching mode around 674 cm−1 [230, 253] and the additional vibrational
feature at 535 cm−1 (the Si-Cl characteristic stretching mode) [254, 255], suggest the
co-existence of the dissociative and non-dissociative reactions with respect to the C-Cl
bond. A series of new peaks at 2051, 1148, and 674 cm−1 are assigned to the asym-
metric stretching, symmetric stretching, and bending modes of the N=C=CH2 group,
respectively [22, 242, 256]. The formation of Si-Cl and Si-N=C=CH2 structure at the
interface of chloroacetonitrile/Si(100)-2×1 supports the occurrence of ene-like reaction
upon chemisorption. Meanwhile, the vibrational peaks at 1630 and 674 cm−1 in the
chemisorbed EELS spectrum (Figure 4.1b) are ascribed to the N=C stretching and C-Cl
stretching modes, suggesting the formation of [2+2]-like cycloadduct on the Si(100)-2×1
surface. The existence of a series of CH2 vibrational features at 1420, 1229, 1148, and
1040 cm−1, which are attributed to its bending, wagging, twisting, and rocking modes,
respectively [241], indicates that the CH2 group is retained on Si(100) surface. The Si-
N stretching mode appears at 790 cm−1 and the Si-C stretching mode is observed at
674 cm−1, which are in good agreement with previous studies [38, 257–259].
The above chemisorbed EELS results have shown the coexistence of C=N stretching
(1630 cm−1) and N=C=C asymmetric (2051 cm−1), symmetric (1148 cm−1), and torsion
stretching (674 cm−1) modes, together with the partially retained C-Cl species (674 cm−1)
and the newly formed Si-N, Si-C, and Si-Cl (535 cm−1) bonds. These results imply that
chloroacetonitrile covalently binds to the dimer of Si(100)-2×1 through the [2+2]-like
cycloaddition in the formation of Si-N=C(CH2Cl)-Si cycloadduct and the ene-like re-
action in the formation of Si-N=C=CH2 and Si-Cl species. These two binding modes
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in the reaction of chloroacetonitrile with Si(100)-2×1 are schematically illustrated in
Figure 4.5 (on page 88). The detailed assignments of the chemisorbed species, to-
gether with the calculated vibrational frequencies obtained from DFT calculations for
Si-N=C(CH2Cl)-Si (Mode I in Figure 4.6 on page 89) and Si-N=C=CH2 (Mode IV in
Figure 4.6) are listed in Table 4.1 (on page 95).
4.1.2 X-ray photoelectron spectroscopy
The C1s XPS spectra for physisorbed and chemisorbed chloroacetonitrile (N≡C-CH2-
Cl) on Si(100)-2×1 are shown in Figure 4.2 (on page 85). The physisorbed spectrum (Fig-
ure 4.2b), which was obtained by exposing 2 L chloroacetonitrile to Si(100)-2×1, presents
a symmetric single peak at 287.2 eV with a FWHM of about 1.6 eV, indicating that these
two carbon atoms in chloroacetonitrile are not resolvable. The C1s binding energy for
physisorbed chloroacetonitrile at around 287.2 eV is comparable and consistent with the
previous results of bromoacetonitrile and fluoroacetonitrile in Chapter 3 and those ob-
tained for acetonitrile on Si surfaces [23, 234]. The fact that a symmetric single peak
at 287.2 eV is attributable to the hyperconjugation effect of C-C and C≡N orbitals, as
well as the delocalization and redistribution of the electron densities [23]. Compared to
the physisorbed spectrum, the chemisorbed spectrum (Figure 4.2a) is markedly distinct.
The chemisorbed XPS spectrum can be deconvoluted into three peaks centered at 284.3,
285.6, and 286.9 eV with the same FWHM of 1.6 eV and an area ratio of 1:2:1, which
supports the coexistence of the ene-like structure [Si-N=C3=C4H2 and Si-Cl] and [2+2]-
like cycloadduct [Si-N=C1(C2H2Cl)-Si] for chemisorption reaction as proposed according
to the aforementioned EELS results. The binding energy at 284.3 eV, which is close to
the typical C1s XPS value (284.6 eV) for the Si-C species [23], can be assigned to the
C1 atom that was directly bonded onto the Si(100)-2×1 surface. The formation of Si-C
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species on Si(100)-2×1 upon chemisorption confirms the occurrence of the [2+2]-like cy-
cloaddition. The photoemission peak at 285.6 eV can be assigned to the C2 atom in the
[2+2]-like cycloadduct [Si-N=C1(C2H2Cl)-Si] and the C
4 atom in the ene-like reaction
species [Si-N=C3=C4H2 and Si-Cl], which can not be resolved due to the limitation of
the XPS resolution. The binding energy (285.6 eV) for the C2 atom, which is directly
connected with the Cl atom, is consistent with the values of the C atom in the C-Cl
species [54, 194, 260]. The assignment of 285.6 eV to the terminated C4 atom in the
CH2 group is also well explained because it is in the sp
2 hybridization and the value is
also in the range of sp2 hybridized C atoms (285.3-285.8 eV) [24, 261], suggesting the for-
mation of the C=C double bond on the Si surface. The largest C1s XPS value is located
at 286.9 eV (Figure 4.2a), which is assigned to the C3 atom adjacent to the N atom (Si-
N=C3=C4H2) and is close to the value obtained for the formation of accumulative bond
upon chloroacetonitrile chemisorption on the Si(111)-7×7 surface [262].
Figure 4.3 (on page 86) depicts the Cl2p XPS spectra of physisorbed and chemisorbed
chloroacetonitrile on the Si(100)-2×1 surface. The Cl2p peaks include spin-orbit 2p3/2
and 2p1/2 features, with ∆E=1.6 eV and an area ratio of 2:1 [222]. The Cl2p3/2 in the
physisorbed spectrum (Figure 4.3b) is situated at 200.7 eV, which is the characteristic
value for the C-Cl species and is in good agreement with the values for physisorbed
molecules: chloromethane on Pt [263], chlorobenzene on Ag [194] and cyanogen chloride
on Si surfaces [264]. Upon annealing to 300 K to remove the physisorbed chloroacetoni-
trile layers from Si(100)-2×1, the XPS spectrum for the chemisorbed layer was obtained
(Figure 4.3a). The peak for Cl2p3/2 in the chemisorbed spectrum can be fitted into two
peaks, one is located at 200.7 eV and the other is at 199.7 eV, with an area ratio of 1:1.
These split peaks demonstrate that the Cl atoms are in two different chemical environ-
ments in the chemisorbed state. The larger XPS value (200.7 eV) for Cl2p3/2 is identical
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to that observed in the physisorbed state, suggesting that the C-Cl bonds are intact upon
the chemisorption of chloroacetonitrile on Si surface. The peak with a smaller Cl2p3/2
binding energy (199.7 eV) can be assigned to the Cl atom directly bonded onto the Si
surface [233, 265]. The Cl2p XPS results are indicative of the existence of two reaction
pathways of chloroacetonitrile on the Si(100)-2×1 surface.
The N1s XPS photoemission features for physisorbed and chemisorbed chloroacetoni-
trile on Si(100)-2×1 are displayed in Figure 4.4 (on page 87). Both spectra exhibit one
single symmetric peak with the same FWHM of 1.6 eV, hinting that there is only one
chemically distinguishable form of N atom in the physisorbed and chemisorbed states.
The peak (400.3 eV) in the physisorbed spectrum (Figure 4.4b), which was obtained
by preexposing 2 L chloroacetonitrile onto Si(100)-2×1, is comparable with the value
for other organic molecules containing the cyano group [25, 31]. In contrast to the
physisorbed spectrum, the N1s core level for the chemisorbed chloroacetonitrile (Fig-
ure 4.4a) is downshifted to 398.6 eV. This difference of 1.7 eV strongly supports that
the N atom in the chloroacetonitrile is directly bonded onto Si(100)-2×1. The value
at 398.6 eV is consistent with the N atom in the Si-N species upon the chemisorption
of cyano-containing organic molecules onto Si surfaces [23, 25, 31]. The detailed as-
signments of XPS results for chloroacetonitrile XPS results are listed in Table 4.2 (on
page 96).
In summary, the XPS results are in excellent agreement with the EELS study and
prove the coexistence of [2+2]-like cycloaddition and ene-like reaction upon the adsorp-
tion of chloroacetonitrile onto the Si(100)-2×1 surface.
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4.1.3 Density functional theory calculations
The adsorption configurations, vibrational frequencies, and adsorption energies of
chloroacetonitrile on Si(100)-2×1 were calculated at the B3LYP/6-31G(d,p) level of den-
sity functional theory (DFT) with Gaussian 03 software [218]. The four optimized ge-
ometries of chloroacetonitrile/Si9H12 are shown in Figure 4.6 (on page 89): (a) [2+2]-like
cycloaddition through C≡N group; (b) simple dissociation of C-Cl bond to form Si-Cl
and Si-CH2-C≡N structure; (c) interaction of the lone pair electrons of the N atom with
the Si dangling bond to form the N→Si dative bond [240]; and (d) ene-like reaction
leading to the formation of Si-Cl and Si-N=C=CH2-like species.
The adsorption energies of these four possible configurations are listed in Table 4.3 (on
page 96). The adsorption energy, synonymous with the heat of formation, is quoted here
as the difference between the energy of the adsorbate/substrate complex and the total
sum of the substrate and adsorbed molecule (adsorption energy: ∆E=E(Si9H12)+E(N≡C-
CH2Cl)-E(N≡C-CH2Cl/Si9H12)). From the table, it is distinguishable that ene-like reac-
tion (Mode IV) has the largest adsorption energy (346 kJ/mol) among these four reaction
modes, indicating that the ene-like reaction is the most thermodynamically preferred.
Even though the [2+2]-like cycloaddition is less energetically preferred than the ene-like
reaction, the coexistence of these two reaction mechanisms found in our experimental
studies implies that the surface reaction of chloroacetonitrile on the Si(100)-2×1 surface
may be kinetically controlled.
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4.2 Dissociative reaction of propargyl chloride on
Si(100)-2×1
4.2.1 High resolution electron energy loss spectroscopy
The vibrational features of physisorbed and chemisorbed propargyl chloride on Si(100)-
2×1 are shown in Figure 4.7 (on page 90). The full frequency assignments for physisorbed
and chemisorbed EELS spectra are listed in Table 4.4 (on page 97). The physisorbed
EELS spectrum (Figure 4.7a), which was obtained by preexposing 4 L propargyl chlo-
ride onto the Si(100)-2×1 surface at 110 K, correlates well with the calculated normal
vibrations and FTIR spectra for propargyl chloride in liquid phase [266–269]. The loss
peaks at 308, 470, 680, 950, 1060, 1165, 1240, 1410, 2120, 2980, and 3310 cm−1 can
be obviously observed in the physisorbed EELS spectrum. The intensities at 3310 and
1060 cm−1 can be assigned to the stretching mode and bending mode of the ≡CH group,
respectively [267, 268]. The vibrational frequency at 2120 cm−1 is related to the C≡C
stretching mode [114, 115]. The C-Cl stretching mode at 680 cm−1 is consistent with
the previous studies well [253]. The vibrational frequencies at 308 cm−1 and 470 cm−1
can be ascribed to the deformation of C-C-C skeleton and bending mode of C-C-Cl,
respectively [266, 268].
The sample covered with physisorbed propargyl chloride molecules was annealed to
200 K and 300 K to obtain the spectra of saturated chemisorption monolayer (Fig-
ures 4.7b and 4.7c on page 90). The loss features at 3310, 2980, 2120, 1410, 1240,
1165, 1060, 655, and 526 cm−1 are resolved in these two chemisorbed EELS spectra.
The value at 526 cm−1 is the characteristic Si-Cl stretching mode and is consistent with
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that of the Si-Cl species which are produced by Cl2 dissociative adsorption on Si(100)-
2×1 [254, 255]. The disappearance of the C-Cl stretching mode (680 cm−1), together with
the formation of the Si-Cl bond on the Si surface, suggests that the C-Cl bond cleaves
upon chemisorption. The retention of deformation (1410 cm−1), wagging (1240 cm−1),
and twisting (1165 cm−1) modes of the CH2 group proves that the CH2 group is not
directly involved in the chemisorption. The retained vibrational frequencies at 3310 and
1060 cm−1 are correlated with the stretching and bending modes of the ≡CH group,
indicating that the ≡CH group is not involved in the surface reaction and precludes the
occurrence of the [2+2]-like cycloaddition through the C≡C group. The intensities of
stretching mode of ≡CH group in chemisorption and physisorption spectra differ slightly,
which is possibly due to the different molecular orientation [114, 115]. This conclusion
is further supported by the observation of the C≡C stretching mode at 2120 cm−1 and
the formation of the Si-C stretching mode at 655 cm−1 [22, 38, 271] in the chemisorbed
EELS spectra (Figures 4.7b and 4.7c).
As a result, our vibrational studies of physisorbed and chemisorbed propargyl chloride
strongly demonstrate that the chemisorption occurs with the dissociation of the C-Cl
bond and the retention of the ≡CH group, as described in Figure 4.10 (on page 93). The
Si-CH2-C≡CH formed may be considered as a precursor for further organic synthesis
and modification of silicon surfaces.
4.2.2 X-ray photoelectron spectroscopy
Figure 4.8 (on page 91) shows the fitted Cl2p XPS spectra for physisorbed and
chemisorbed propargyl chloride on the Si(100)-2×1 surface. The Cl2p XPS spectrum for
physisorbed propargyl chloride (Figure 4.8b) was obtained by preexposing 4 L propargyl
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chloride on Si(100)-2×1 at 110 K. The two peaks located at 200.5 and 202.2 eV with the
same FWHM of 1.65 eV and an area ratio of 2:1 can be ascribed to Cl2p3/2 and Cl2p1/2,
respectively. The binding energy for Cl2p3/2 at 200.5 eV is comparable with the values
obtained for physisorbed chloromethane on Pt [263], SiCl3CCl3 deposited on quartz [270]
and chlorobenzene on Ag [194]. Compared to the Cl2p3/2 binding energy (200.5 eV) in
the physisorbed spectrum, the chemisorbed Cl2p3/2 binding energy is downshifted by
1.1 eV to 199.4 eV (Figure 4.8a). This downshift of 1.1 eV indicates that the C-Cl bond
is dissociated upon the chemisorption of propargyl chloride on Si(100)-2×1. Moreover,
this Cl2p3/2 value at 199.4 eV is in excellent agreement with the typical value (199.3 eV)
for the Si-Cl bonds [222, 265], implying the formation of the Si-Cl bond at the surface.
The fitted C1s XPS spectra of physisorbed and chemisorbed propargyl chloride
(HC1≡C2C3H2Cl) on Si(100)-2×1 are displayed in Figure 4.9 (on page 92). The C1s
physisorbed XPS spectrum (Figure 4.9b) is deconvoluted into two peaks at 285.7 and
287.1 eV with an area ratio of 2:1. The highest photoemission feature at 287.1 eV can be
attributed to C3 atom, which is adjacent to the high electronegative Cl atom. The value
is close to the previous XPS studies about physisorbed CH3Cl on Co [272]. The peak at
285.7 eV associated with C1 and C2 in the HC1≡C2-linkage, is in good agreement with
the value (285.5 - 286.0 eV) for the sp hybridized C atoms [145, 157, 169, 273].
However, the chemisorbed C1s XPS spectrum (Figure 4.9a) is dramatically different
with the physisorbed one, implying the significant changes in the electronic structures
upon the chemisorption of propargyl chloride on Si(100)-2×1. The chemisorbed C1s XPS
spectrum can be deconvoluted into two peaks at 285.8 and 284.5 eV with an area ratio of
2:1. The fitted C1s XPS of chemisorbed propargyl chloride can be reasonably explained
by the dissociation of C-Cl bond, proposed by the EELS and Cl2p XPS findings. The
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peak at 284.5 eV is attributed to the directly reacted sp3 hybridized C3 atom with
the Si surface [145, 155], demonstrating the cleavage of the C-Cl bond. Because the
C1 and C2 atoms retain the sp hybridization in the chemisorption state, their binding
energies (285.8 eV) are not expected to shift significantly from the value (285.7 eV)
observed in the physisorbed state. The detailed assignments of C1s and Cl2p core levels
for physisorbed and chemisorbed propargyl chloride on the Si(100)-2×1 surface are listed
in Table 4.5 (on page 98).
4.2.3 Density functional theory calculations
As mentioned earlier, three possible chemisorption processes are possible for the ad-
sorption of propargyl chloride on Si(100)-2×1: (a) [2+2]-like cycloaddition through the
C≡C group; (b) simple dissociation of the C-Cl bond to form Si-Cl and Si-CH2-C≡CH-
like species; (c) ene-like reaction leading to the formation of Si-CH2=C=CH2-like and
Si-Cl species. The geometries optimization, vibrational frequencies calculation, and ad-
sorption energy computation are performed at the B3LYP/6-31G(d,p) level of density
functional theory (DFT) calculations with Gaussian 03 software package [218]. The
starting cluster model of Si9H12 with one exposed Si=Si dimer was successfully used
in several previous studies [274, 275]. The three optimized configurations of HC≡C-
CH2-Cl/Si9H12 are displayed in Figure 4.11 (on page 94) and the calculated adsorp-
tion energies for these adsorption geometries are listed in Table 4.6 (on page 98). The
adsorption energy, synonymous with the heat of formation, is quoted here as the dif-
ference between the energy of the adsorbate/substrate complex and the total sum of
the substrate and adsorbed molecule, it can be expressed according to the formula:
∆E=E(Si9H12)+E(HC≡C-CH2Cl)-E(HC≡C-CH2Cl/Si9H12). From the table, it is evi-
dent that the ene-like reaction (Mode III) is most thermodynamically stable and has the
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largest adsorption energy (371 kJ/mol). However the ene-like reaction is not observed in
our experimental results. We postulate that the ene-like reaction has a larger transition
state energy than the C-Cl dissociative reaction and the surface reaction of propargyl
chloride binding on Si(100)-2×1 surface would be kinetically controlled.
4.3 Discussion
4.3.1 Combination of the [2+2]-like cycloaddition and ene-like
reaction at chloroacetonitrile/Si(100)-2×1 surface
The EELS and XPS experimental results strongly suggest that chloroacetonitrile
can be chemisorbed on the Si(100)-2×1 surface with the combination of [2+2]-like cy-
cloaddition through the C≡N group and the ene-like reaction with the formation of
Si-N=C=CH2 and Si-Cl species.
The disappearance of the C≡N stretching mode (2256 cm−1) and the appearance
of the C=N stretching mode (1630 cm−1) in the chemisorbed EELS spectrum (Fig-
ure 4.1b) indicate that the C≡N bond is involved in the chemisorption of chloroace-
tonitrile on the Si(100)-2×1 surface (Mode I) and precludes the dissociation of the C-Cl
bond (Mode II). Meanwhile, the appearance of the stretching modes of Si-N (790 cm−1)
and Si-C (674 cm−1) in the chemisorbed EELS spectrum and the downshift of 1.7 eV
for the N1s binding energy in the chemisorbed XPS spectrum confirm that [2+2]-like
cycloaddition occurs upon the chemisorption of N≡C-CH2-Cl on the Si(100)-2×1 sur-
face. The two photoemission features at 199.7 and 200.7 eV for the Cl2p3/2 core level in
the chemisorbed XPS spectrum (Figure 4.3a on page 86) show that a portion of chlorine
atoms are directly bonded on the Si(100)-2×1 surface. The presence of the Si-Cl stretch-
80
Chapter 4
ing mode (535 cm−1) and the retention of the C-Cl stretching mode (674 cm−1) in the
chemisorbed EELS spectrum (Figure 4.1b on page 84) are also suggestive that chlorine
atoms are in two apparently different chemical environments in the chemisorption state.
Meanwhile, a series of new peaks related to the asymmetric stretching (2051 cm−1), sym-
metric stretching (1148 cm−1), and bending (674 cm−1) modes of the N=C=CH2 group
demonstrate that chloroacetonitrile can also be chemisorbed on the Si(100)-2×1 surface
in the ene-like reaction. Furthermore, the C1s chemisorbed photoemission features at
286.9, 285.6, and 284.3 eV with an area ratio of 1:2:1 reveal that half of the C atoms
are involved in the ene-like reaction. In addition, the ene-like reaction (346 kJ/mol) has
the largest adsorption energy among the four possible reaction modes, indicating that
ene-like reaction is thermodynamically favored compared to the other possible reaction
modes. Although the [2+2]-like cycloaddition is less energetically preferred than the ene-
like reaction, the coexistence of these two reaction mechanisms found in our experimental
studies suggests that the surface reaction is probably kinetically controlled.
4.3.2 Dissociation of propargyl chloride on Si(100)-2×1
The experimental findings and DFT calculations suggest that propargyl chloride
(HC1≡C2C3H2Cl) selectively adsorbs on the Si(100)-2×1 surface via the dissociation
of the C-Cl bond and the formation of Si-Cl species and Si-CH2-C≡CH linkages.
The C-Cl dissociative reaction mode (Mode II) may be elucidated as follows. The
peaks at 655 and 526 cm−1 in the chemisorbed EELS spectrum (Figures 4.7b and 4.7c)
can be ascribed to the stretching mode of the Si-C and Si-Cl group, respectively. This
indicates that C-Cl group is involved in the surface reaction of propargyl chloride on the
Si(100)-2×1 surface. Simultaneously, the Cl2p3/2 chemisorbed photoemission feature is
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downshifted by 1.1 eV to 199.4 eV, which is the characteristic binding energy for the
Si-Cl species, suggesting the formation of the Si-Cl linkage at the surface. Concurrently,
the C3 atom which is directly bonded with Cl also has a large chemical downshift from
287.1 eV to 284.5 eV. The value at 284.5 eV is a typical C1s binding energy in the
Si-C bond, implying the formation of the Si-C species at the surface. The presence
of the stretching mode (3310 cm−1) and bend mode (1060 cm−1) of the ≡CH group,
together with the retention of the C≡C stretching mode (2120 cm−1), strongly sug-
gests that HC≡C is chemically inert during the surface reaction which rules out the
[2+2]-like cycloaddition (Mode I). The absence of the representative asymmetric stretch-
ing mode (1921 cm−1) and torsion mode (846 cm−1) of C=C=C accumulative double
bond [157] indicates that the ene-like reaction (Mode III) is unlikely to occur on the
silicon surface.
4.3.3 Adsorption behaviors of chloroacetonitrile and propargyl
chloride on Si(100)-2×1
Chloroacetonitrile and propargyl chloride are two conjugated molecules made of C≡N
(C≡C) and C-Cl groups. Chloroacetonitrile chemisorbs on the Si(100)-2×1 surface via
the combination of [2+2]-like cycloaddition and ene-like reaction, whereas propargyl
chloride adsorbs on the surface through the simple dissociation of the C-Cl bond. It is
possible that the different reactivities and physical characters of C≡N and C≡C group
influence the nature of the reaction mechanisms. Tao and his coworkers [24] reported
that acrylonitrile (CH2=CH-C≡N) chemisorbs on Si(100)-2×1 via the [2+2]-like cycload-
dition through the C≡N group rather than CH2=CH- linkage. They ascribed this to the
difference in the dipole moment of C≡N and C=C groups and the effect of polarization of
the surface dimers. In the same way, the C≡N group in chloroacetonitrile tends to react
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with the Si(100)-2×1 surface rather than the C≡C group in propargyl chloride. This
is due to the dipole moment of the C≡N group being larger than that of C≡C group.
Furthermore the electron withdrawing effect of C≡N group is stronger than that of the
C≡C group, enabling chloroacetonitrile (N≡C1-C2H2Cl) to be electrophilic (C
1 atom)
and nucleophilic (N atom). Therefore, chloroacetonitrile tends to adsorb on the Si(100)-
2×1 surface via [2+2]-like cycloaddition between the polarized cyano group (C≡N) and
the asymmetric dimers with a lower transition state energy, although the calculated ad-
sorption energy for [2+2]-like cycloaddition is lower than that for the C-Cl dissociation.
4.4 Conclusion
The chemical reactivity and selectivity of chloroacetonitrile and propargyl chloride
on Si(100)-2×1 were investigated by XPS, EELS, and DFT calculations. The adsorption
of chloroacetonitrile on Si(100)-2×1 was found to undergo the integration of [2+2]-like
cycloaddition and ene-like reaction to form Si-N=C(CH2Cl)-Si, Si-N=C=CH2, and Si-Cl
species. Unlike chloroacetonitrile, propargyl chloride was attached on Si(100)-2×1 via
the C-Cl bond dissociation, forming the Si-Cl linkages and Si-CH2-C≡CH species. The
chemisorbed species containing one C≡C triple bond may be employed as an intermediate
for further construction of bilayer organic films on Si surface in vacuum by reacting with
selected organic functionalities in photochemical methods.
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Figure 4.1: HREELS spectra for Si(100)-2×1 surface: (a) ph-
ysisorbed chloroacetonitrile obtained by preexposing 2 L chloroace-
tonitrile onto Si surface at 110 K; (b) chemisorbed chloroacetonitrile
obtained by annealing (a) to 300 K.
84
Chapter 4









N   CCH2Cl/Si(100)-2x1













Figure 4.2: The deconvoluted C1s XPS spectra of chloroacetonitrile
on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by
annealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 2 L chloroacetonitrile to silicon surface at 110 K.
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Figure 4.3: Fitted Cl2p XPS spectra of chloroacetonitrile on
Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by an-
nealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 2 L chloroacetonitrile to silicon surface at 110 K.
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Figure 4.4: Deconvoluted N1s XPS spectra of chloroacetonitrile
on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by
annealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
























Figure 4.5: Schematic diagram of chloroacetonitrile chemisorption on Si(100)-2×1 surface.
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(a) [2+2]-like cycloaddition (b) C-Cl dissociation
(c) N dative bonding (d) Ene-like reaction
Figure 4.6: The optimized N≡CCH2Cl/Si9H12 clusters correspond-
ing to the four possible configurations through [2+2]-like cycloaddi-
tion (Mode I), C-Cl dissociation (Mode II), N dative bonding (Mode
III), and ene-like reaction (Mode IV).
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Figure 4.7: HREELS spectra for Si(100)-2×1 surface: (a) ph-
ysisorbed propargyl chloride obtained by exposing 4 L propargyl
chloride to Si surface at 110 K; (b) chemisorbed propargyl chlo-
ride obtained by annealing sample (a) to 200 K; (c) chemisorbed
propargyl chloride obtained by annealing sample (a) to 300 K.
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Figure 4.8: Deconvoluted Cl2p XPS spectra of propargyl chloride
on Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by
annealing sample (b) to 300 K; (b) physisorbed spectrum, obtained
by exposing 4 L propargyl chloride to Si surface at 110 K.
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Figure 4.9: Fitted C1s XPS spectra of propargyl chloride on
Si(100)-2×1 surface: (a) chemisorbed spectrum, obtained by an-
nealing sample (b) to 300 K; (b) physisorbed spectrum, obtained




















Figure 4.10: Schematic diagram of propargyl chloride chemisorption on Si(100)-2×1 surface.
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(a) [2+2]-like cycloaddition (b) C-Cl dissociation
(c) Ene-like reaction
Figure 4.11: The optimized HC≡CCH2Cl/Si9H12 clusters corre-
sponding to the three possible configurations through [2+2]-like








Table 4.1: Vibrational Assignments of Physisorbed and
Chemisorbed Chloroacetonitrile on Si(100)-2×1 Surface (cm−1).










Calcd vibrational frequencies d
Mode I Mode IV
νas(CH2) 3010 3070 3090 3030
νs(CH2) 2963 2980 2980 2935 2970
ν(C≡N) 2256 2256
νas(N=C=C) 2051 2033
Overtone of ν(CC) 1840
ν(N=C) 1630 1576
δ(CH2) 1421 1420 1420 1422 1410
ω(CH2) 1270 1267 1229 1236
τ(CH2) 1184 1182 1148 1139 1140
νs(N=C=C) 1148 1168
ρ(CH2) 1002 Not resolved 1040 1041 980
ν(C-C) 930 920 950 912 925
ν(C-Cl) 746 750 674 699
β(N=C=C) 674 615










Table 4.2: Deconvoluted Results of XPS Spectra for Physisorbed











N1s 400.3 398.6 398.6
Table 4.3: Calculated Adsorption Energies of the Local Min-
ima in the N≡CCH2Cl/Si9H12 Model System from B3LYP/6-
31G(d,p) (kJ/mol).
Binding Mode I II III IV
Adsorption Model 2+2 C-Cl dissociative N-dative Ene-like reaction







Table 4.4: Vibrational Assignments of Physisorbed and
Chemisorbed Propargyl Chloride on Si(100)-2×1 Surface (cm−1).













ν(≡CH) 3335 3310 3310 3320
νs(CH2) 3002 2980 2980 3009
νas(CH2) 2968 Not resolved Not resolved 2978
ν(C≡C) 2147 2120 2120 2117
δ(CH2) 1441 1410 1410 1442
ω(CH2) 1271 1240 1240 1202
τ(CH2) 1179 1165 1165 1180
β(≡CH) 1060 1060
ν(C-C) 960 950 Not resolved 925
ν(CCl) 650 680
ν(CCCl) 451 470









Table 4.5: Deconvoluted Results of XPS Spectra for Physisorbed
and Chemisorbed Propargyl Chloride on Si(100)-2×1 Surface (eV).
HC1≡C2C3H2Cl Physisorption Chemisorption Chemical shift
Cl2p3/2 200.5 199.4 1.1
C11s 285.7 285.8 0.1
C21s 285.7 285.8 0.1
C31s 287.1 284.5 2.6
Table 4.6: Calculated Adsorption Energies of the Local Min-
ima in the HC≡CCH2Cl/Si9H12 Model System from B3LYP/6-
31G(d,p) (kJ/mol).
Binding Mode I II III
Adsorption Model 2+2 C-Cl dissociative Ene-like reaction






In this chapter, 3-chloro-1-propanol (Cl-CH2CH2CH2-OH) was selected to study
photo-induced organic modification of the Si(100)-2×1 surface. 3-chloro-1-propanol has
two functional groups, C-Cl and C-OH, which are the expected reactive centers with
the surface. The dissociative reaction can proceed via either the -OH group or the C-
Cl group during the adsorption of 3-chloro-1-propanol on Si surface. Experimentally,
3-chloro-1-propanol was found to react with the Si(100)-2×1 surface through the OH
group dissociation, leaving the intact C-Cl bonds on the surface. Upon laser irradiation,
the physisorbed 3-chloro-1-propanol molecules react with the chemisorbed monolayer,
achieving the secondary attachment of organic molecules on Si(100)-2×1.
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5.1 Dissociation of 3-chloro-1-propanol on Si(100)-
2×1
5.1.1 High resolution electron energy loss spectroscopy
The vibrational spectra of 3-chloro-1-propanol on the Si(100)-2×1 surface are shown
in Figure 5.1 (on page 113). The physisorbed EELS spectrum (Figure 5.1a) was ob-
tained by preexposing 4 L 3-chloro-1-propanol onto the Si(100)-2×1 surface at 110 K.
The loss peaks (Figure 5.1a) at 495, 655, 780, 884, 1043, 1274, 1438, 2953, and 3228 cm−1
are readily resolved and are consistent with the FT-IR spectrum for liquid 3-chloro-1-
propanol [277]. Till present, the complete assignments of the vibrational features of
3-chloro-1-propanol are not available in the literature, therefore the vibrational assign-
ments for 3-chloro-1-propanol in the physisorbed and chemisorbed states are assigned
by referring to the FT-IR spectra, Raman spectra, and the frequency calculation of
Cl-CH2CH2CH3 and CH3CH2CH2OH [253, 278]. Among these vibrational features, the
intensity at 3228 cm−1 is assigned to the stretching mode of the -OH group. The loss
feature at 655 cm−1 can be ascribed to the C-Cl stretching mode [230, 253, 254]. The
C-O stretching band is visible at 1043 cm−1, which is in the range of 1000-1100 cm−1
of the C-O stretching mode for chemisorbed methanol on Fe2O3 powders and aluminum
oxide [279, 280].
The chemisorbed spectrum of 3-chloro-1-propanol, obtained by annealing the ph-
ysisorbed 3-chloro-1-propanol-covered sample to 300 K, is presented in Figure 5.1b (on
page 113). The chemisorbed spectrum shows different spectral features with the absence
of the O-H stretching mode at 3228 cm−1 and with the appearance of a new peak at
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2110 cm−1, which could be assigned to the stretching mode of the Si-H bond [170, 255,
281, 282]. This indicates that the -OH group is dissociated upon the chemisorption. The
appearance of another new peak at 533 cm−1, which is assigned to the stretching of Si-O
bond [163], further supports the cleavage of the -OH group. The retention of the C-Cl
stretching mode at 655 cm−1 is indicative of the intact of C-Cl bonds on the surface.
The loss peaks at 2953, 1438, 1274, and 780 cm−1 can be attributed to the asymmetric
stretching mode, deformation stretching mode, twisting mode, and rocking mode of the
-CH2- group, respectively, implying that the -CH2- group is retained at the surface [241].
The C-C-C skeleton vibrational stretching mode appears at 884 cm−1, suggesting the
integrality of main skeleton of 3-chloro-1-propanol upon the chemisorption. The de-
tailed vibrational assignments for physisorbed and chemisorbed 3-chloro-1-propanol on
Si(100)-2×1 are presented in Table 5.1 (on page 128).
In summary, our vibrational studies strongly demonstrated that 3-chloro-1-propanol
dissociatively attaches to the Si(100)-2×1 surface through the dissociation of the -OH
group and the formation of the Si-O and the Si-H linkages at the surface, as illustrated
in Figure 5.5 (on page 117).
5.1.2 X-ray photoelectron spectroscopy
The C1s XPS results for physisorbed and chemisorbed 3-chloro-1-propanol (Cl-C1H2-
C2H2-C
3H2-OH) on Si(100)-2×1 are shown in Figure 5.2 (on page 114). The C1s XPS
spectrum for physisorbed molecules (Figure 5.2b) is deconvoluted into two peaks centered
at 286.6 and 285.4 eV with equal FWHM of 1.6 eV and an area ratio of approximately
2:1, in excellent agreement with the results for the adsorption of condensed 3-chloro-1-
propanol on the Si(111)-7×7 surface [54]. The detailed assignment for physisorbed and
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chemisorbed 3-chloro-1-propanol on the Si(100)-2×1 surface is tabulated in Table 5.2 (on
page 129). Due to the higher electronegativities of O (3.5, Pauling scale) and Cl (3.2)
atoms [249], their neighboring C atoms are expected to have a lower electron density and
subsequently have a higher binding energy. Therefore, the C1 and C3 atoms attached
to the O and Cl atoms in HO-C1H2C
2H2C
3H2-Cl contribute to the intensity at around
286.5 eV [280, 283]. The photoemission feature at 285.4 eV is associated with the C2 atom
in the -CH2- group. When physisorbed 3-chloro-1-propanol-covered sample was annealed
to 300 K, the chemisorbed C1s photoemission spectrum was obtained (Figure 5.2a). This
chemisorbed C1s XPS spectrum is fitted into two peaks with binding energies at 286.7
and 285.4 eV, which is comparable to the physisorbed spectrum. Their similarities
indicate that the local chemical environments for C atoms are not significantly different
between the physisorption and chemisorption states, implying the retention of the C-Cl
and C-O bonds upon the surface adsorption.
Figure 5.3 (on page 115) exhibits the O1s XPS spectra for physisorbed and chemisorbed
3-chloro-1-propanol on the Si(100)-2×1 surface. The symmetric O1s peak is located at
533.1 eV in the physisorbed O1s XPS spectrum (Figure 5.3b), which is consistent with
previous studies of physisorbed methanol on zinc oxide [284]. However, the O1s binding
energy in the chemisorption spectrum (Figure 5.3a), which is obtained by annealing the
physisorbed 3-chloro-1-propanol-covered sample to 300 K, downshifts to 532.2 eV, which
strongly suggests the cleavage of the -OH group and the formation of Si-O linkage upon
the 3-chloro-1-propanol chemisorption on the Si(100) surface [163, 170].
The Cl2p XPS photoemission features in the physisorption and chemisorption states
are presented in Figure 5.4 (on page 116). The physisorbed 3-chloro-1-propanol molecules
on the Si(100)-2×1 surface (Figure 5.4b) at 110 K give rise to Cl2p3/2 and Cl2p1/2 lines
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centered at 200.4 and 201.8 eV, respectively. The Cl2p3/2 binding energy (200.4 eV) is
consistent well with the previous studies of the value in the C-Cl bond [285–287]. Upon
chemisorption, no significant chemical downshifts can be observed in the chemisorbed
Cl2p XPS spectrum (Figure 5.4a), suggesting the retention of the C-Cl bonds.
In summary, the large downshift of the binding energy of the O atom (0.9 eV) as
well as the comparable binding energies of the Cl and C atoms in the chemisorbed and
physisorbed XPS spectra support the dissociation of the O-H group and the retention of
the C-C-C skeleton at the surface, as well as the proposed reaction mechanism for the
chemisorption of 3-chloro-1-propanol at the Si(100)-2×1 surface. The intact C-Cl bond
is protruded into the vacuum, which possibly allows for the photochemical modification
on the Si(100)-2×1 surface.
5.1.3 Density functional theory calculations
A program based on density functional theory (DFT) calculations has been imple-
mented to complement with the experimental results obtained by the EELS and XPS
investigation and to predict the adsorption geometries and surface intermediates gener-
ated from 3-chloro-1-propanol on Si(100)-2×1. The substrate cluster for Si(100)-2×1 em-
ployed in this modeling is Si9H12, which is the smallest cluster representing a Si(100)-2×1
surface and has been successfully used in several previous studies [274, 275]. The calcula-
tions on adsorption energies and vibrational frequencies are optimized at the B3LYP/6-
31G(d,p) level of density functional group with Gaussian 03 software package, with all
the H atoms set to be flexible during the calculation [218].
In general, there are three possible binding modes for 3-chloro-1-propanol on the
Si(100)-2×1 surface through its two functional groups: (a) the dissociation of OH group
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to form the Si-O and Si-H linkages; (b) the cleavage of C-Cl group to create Si-C and
Si-Cl species at the surface; (c) the dative bonding of O→Si. The optimized configura-
tions of 3-chloro-1-propanol/Si9H12 are presented in Figure 5.6 (on page 118) and their
corresponding adsorption energies are given in Table 5.3 (on page 130). The adsorption
energy can be calculated according to this formula: ∆E=E(Si9H12)+E(HO-CH2CH2CH2-
Cl)-E(HO-CH2CH2CH2-Cl/Si9H12). The calculation results reveal that the dissociative
reaction via the O-H bond (312 kJ/mol) is thermodynamically favored when compared
to those through the C-Cl bond (279 kJ/mol) and the O dative bonding (69 kJ/mol). In
addition, the calculated vibrational frequencies of the OH dissociative product (Mode I)
are consistent with the EELS results (Figure 5.1b on page 113).
5.2 Photochemistry of the chemisorbed 3-chloro-1-
propanol on Si(100)-2×1
As we have seen in Section 5.1, 3-chloro-1-propanol reacts with the Si(100)-2×1
surface through the dissociation of the hydroxyl group and leaves the C-Cl bond intact.
In this section, we will study the photochemistry of the chemisorbed 3-chloro-1-propanol
on Si(100) surface using EELS and XPS techniques.
10 L of 3-chloro-1-propanol was directly exposed to a clean Si(100)-2×1 surface at
110 K, followed by annealing to 300 K to desorb the physisorbed layers. As a result,
the first layer of saturated chemisorbed 3-chloro-1-propanol on the Si(100)-2×1 surface
with the C-Cl bond protruding into the vacuum was obtained. Then a laser with 193
nm was used to irradiate the surface for 30 mins; finally, EELS and XPS were employed
to characterize the photo-products retained on the surface.
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5.2.1 High resolution electron energy loss spectroscopy
Figure 5.7b (on page 119) presents the EELS spectrum of the chemisorbed 3-chloro-
1-propanol on the Si(100)-2×1 surface after 193 nm laser irradiation for 30 minutes.
Compared with the chemisorbed EELS spectrum before laser irradiation (Figure 5.7a),
most of the vibrational features in the photo-induced EELS spectrum (Figure 5.7b)
remain unchanged, except for the absence of the C-Cl stretching mode (655 cm−1).
This strongly suggests that only the C-Cl bond on the surface is cleaved during the
laser irradiation. The existence of the Si-H stretching mode (2110 cm−1) in Figure 5.7b
implies that most of the Si-H linkages are retained. Pusel et al reported a nonthermal
H-Si dissociation from H-Si(100) surface upon irradiation of photons at 7.9 eV [288]. Zhu
et al subsequently reported that the irradiation energy of approximate 8 eV is attributed
to the energy of H-Si σ → σ* transition [289]. However the photon energy at our surface
is 6.4 eV (193 nm laser), which is less than the initial excitation energy of H-Si σ → σ*
transition (7.9 eV). This is consistent with the retention of H-Si bonds at the surface
upon irradiation.
The full vibrational assignments are listed in Table 5.1 (on page 128). The possible
surface intermediate formed upon irradiation, Si-O-CH2CH2CH2-CH2CH2CH2-O-Si or
Si-O-CH2CH2CH2-Si, will be confirmed in the following XPS studies.
5.2.2 X-ray photoelectron spectroscopy
Figure 5.8b (on page 120) displays the Cl2p XPS spectrum of the 3-chloro-1-propanol
on the Si(100)-2×1 surface obtained after irradiation (λ=193 nm) for 30 minutes at
110 K. The photoemission features of the chemisorbed (Figure 5.8a) 3-chloro-1-propanol
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on the Si(100)-2×1 surface is referenced here to show the effect of photon irradiation. No
obvious intensities can be observed in the post-laser irradiation spectrum (Figure 5.8b),
indicating that most of the C-Cl bonds are efficiently cleaved and the Cl atoms are
ejected into gaseous phase.
Figure 5.9b (on page 121) exhibits the C1s core level spectrum of 3-chloro-1-propanol
on Si(100)-2×1 obtained after laser irradiation. Compared to the saturated chemisorbed
spectrum of 3-chloro-1-propanol on Si(100)-2×1 before laser irradiation (Figure 5.9a), the
laser irradiated chemisorbed spectrum (Figure 5.9b) presents distinct change but equal
areas. The reduction of intensity at the higher binding energy (286.5 eV) is accompanied
by the growth of the intensity at the lower binding energy (285.5 eV). The peak area
ratio (286.5 eV vs 285.5 eV) is changed from 2:1 to 1:2. The binding energy at 286.5 eV
is attributed to the C3 atom adjacent to the higher electronegative O atom, while the
value at 285.5 eV is assigned to the C1 and C2 atoms that are further away from the O
atom in the C1-C2-C3-O skeleton. The significant chemical downshift of 1.1 eV of the C1
atom after laser irradiation demonstrates that the C-Cl bonds are dissociated by photon
illumination. The binding energy for the C1 atom (285.5 eV) is higher than that for
the atom in the typical Si-CH2 species (283.7 - 284.0 eV) [22, 25], therefore the newly
formed ·CH2- from the cleavage of -CH2-Cl bond is not directly bonded to the Si surface.
This implies the formation of the configuration of Si-O-CH2CH2CH2-CH2CH2CH2-O-Si
through the lateral C-C coupling of two neighboring molecular radicals, excluding the
possible structure of Si-O-CH2CH2CH2-Si.
The O1s XPS spectrum for the chemisorbed 3-chloro-1-propanol on the Si(100)-2×1
surface obtained after photon irradiation is presented in Figure 5.10b (on page 122).
Compared to the saturated chemisorbed spectrum of 3-chloro-1-propanol molecules on
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Si(100)-2×1 (Figure 5.10a), the O1s photoemission feature and peak area in Figure 5.10b
are almost unchanged, suggesting that the Si-O bonds are intact at the surface after
photon irradiation. The detailed XPS results for photoinduced 3-chloro-1-propanol on
Si(100)-2×1 are listed in Table 5.2 (on page 129).
5.3 Photo-induced secondary attachment of 3-chloro-
1-propanol layer on Si(100)-2×1
In the first two sections of this chapter, we demonstrated that the C-Cl bonds are
retained at the surface upon chemisorption of Cl-CH2CH2CH2-OH on Si surface (Section
5.1) and the C-Cl bonds can be dissociated upon laser irradiation (Section 5.2). In this
section, we try to build up a covalently bonded organic layer on the Si surface to explore
the application of a photochemical method for organic modification and functionalization
of the Si surfaces in vacuum.
The clean Si(100)-2×1 surface was directly exposed to 10 L of 3-chloro-1-propanol
at 110 K and subsequently annealed to 300 K to desorb the physisorbed molecules.
As a result, the first layer of saturated chemisorbed 3-chloro-1-propanol molecules on
the Si(100)-2×1 surface with the terminal C-Cl bonds protruding into the vacuum was
obtained through the dissociation of the -OH group. Afterwards, another 10 L 3-chloro-
1-propanol molecules were then physisorbed on the first chemisorbed 3-chloro-1-propanol
layer modified Si(100)-2×1 surface at 110 K. Upon irradiating the surface with a laser,
the photons at 193 nm can dissociate the C-Cl bonds in the first chemisorbed layer as
well as in the physisorbed layer on the Si(100) surface. Finally, the surface was annealed
to 150 K (250 K) to desorb the unreacted physisorbed molecules and retain the photo-
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induced 3-chloro-1-propanol layer attached on the Si(100) surface.
5.3.1 High resolution electron energy loss spectroscopy
Figure 5.11 (on page 123) displays the high resolution electron energy loss spectra for
physisorbed, chemisorbed and the covalently bonded second layer (150 K, 250 K) of 3-
chloro-1-propanol molecules on the Si(100)-2×1 surface in the sequence of Figure 5.11a
to 5.11d, according to the actual experimental procedure. The vibrational losses at
533, 757, 886, 1043, 1274, 1438, 2110, 2953, and 3238 cm−1 can be clearly observed
in Figures 5.11c and 5.11d. Compared with the spectrum of the chemisorbed 3-chloro-
1-propanol monolayer on clean Si(100)-2×1 (Figure 5.11b), a new peak at 3238 cm−1
appears in the vibrational spectra for the covalently bonded second layer of 3-chloro-
1-propanol modified Si(100)-2×1 (Figures 5.11c and 5.11d). This new peak is assigned
to the OH stretching vibrational mode [54], indicating that the OH group is not di-
rectly attached onto the Si(100) surface and the second 3-chloro-1-propanol layer has
been successfully covalently bonded on the Si(100)-2×1 surface. In the meantime, the
absence of C-Cl stretching mode (654 cm−1) in these two EELS spectra (Figures 5.11c
and 5.11d) demonstrates that the C-Cl bonds are photochemically dissociated at the
surface. The retention of the Si-H stretching mode (2110 cm−1) and the -CH2- asym-
metric stretching mode (2953 cm−1), deformation stretching mode (1438 cm−1), twisting
mode (1274 cm−1), and rocking mode (757 cm−1) at the surface (Figures 5.11c and
5.11d) imply the structure of the first chemisorbed monolayer was not affected during
the laser irradiation.
The vibrational assignments for the secondary attachment of 3-chloro-1-propanol are
listed in Table 5.1 (on page 128). The possible structure for the secondary attachment of
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3-chloro-1-propanol, Si-O-CH2CH2CH2-CH2CH2CH2-O-H, will be further confirmed by
the following XPS studies.
5.3.2 X-ray photoelectron spectroscopy
Figures 5.12c, 5.12d, and 5.12e (on page 124) show the O1s photoemission spectra for
photo-generated secondary bonded 3-chloro-1-propanol layer on the Si(100)-2×1 surface
obtained after 193 nm laser irradiation for 30 minutes and annealing to different temper-
atures (150 K, 250 K, and 300 K). Compared to the symmetric peak in the chemisorbed
monolayer spectrum (Figure 5.12b) and physisorbed spectrum (Figure 5.12a), the O1s
XPS features in Figure 5.12c, 5.12d, and 5.12e are asymmetric and broader than the
instrumental resolution, suggesting the existence of two chemically inequivalent O atoms
at the surface after the laser irradiation. The spectra can be deconvoluted into two
peaks at 531.9 eV and 533.2 eV with an area ratio of 3:1, respectively attributable
to the O2 and O1 atoms in the proposed structure for covalently bonded layer (Si-O2-
CH2CH2CH2-CH2CH2CH2-O
1H). The peak at 531.9 eV is assigned to the O2 atom that
is directly attached to the Si surface. This is in excellent agreement with the binding
energy (531.8 eV) of CH3O-Si formed through the dissociative reaction of the hydroxyl
group for methanol on the Si(100)-2×1 surface [290]. The existence of the higher binding
energy at 533.2 eV, which is a typical O1s XPS value for the O atom in the dangling OH
group, confirmed the conclusion that the secondary layer is not directly bonded onto Si
surface and is grafted on the 3-chloro-1-propanol modified Si(100) surface through the
C-C lateral coupling. The peak area ratio of the O2 and O1 atoms (Figures 5.12c, 5.12d,
and 5.12e) is about 3:1, suggesting that about 1/3 molecules of the first monolayer
were connected with a second layer through the formation of the C-C σ bond. This
is also supported by the reduced O-H stretching relative intensities in the EELS spec-
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tra (Figures 5.11c and 5.11d on page 123) as compared to the spectrum for physisorbed
molecules (Figure 5.11a).
Figure 5.13 (on page 125) depicts the C1s photoemission spectra for physisorbed,
chemisorbed and the photoinduced covalently bonded second layer of 3-chloro-1-propanol
layer on the Si(100)-2×1 surface. The sequence of Figures 5.13a to 5.13e is arranged
according to the actual experimental procedure. The total peak intensities and peak
positions are almost equivalent in Figures 5.13c, 5.13d, and 5.13e with the increasing an-
nealed temperature, indicating that the second covalently grafted layer are chemisorbed
onto the first monolayer. The C1s photoemission spectrum for covalently bonded second
layer (Figure 5.13c) can be deconvoluted into two peaks at 285.2 and 286.6 eV with an
area ratio of 2:1, respectively. The binding energy at 286.6 eV is attributed to the C1







1H), due to these two C atoms be-
ing directly attached to the O atom with higher electronegativity. The peak at 285.2 eV
is assigned to the C2 - C5 atoms that are not directly bonded to the O atom in the
proposed structure. It is obvious that the peak area for the photo-generated bonded
bi-layer (Figure 5.13c) is larger than that for chemisorbed monolayer (Figure 5.13a), and
their corresponding peak area ratio is about 4:3, which matches with O1s peak area ratio
well.
The Cl 2p XPS spectra of chemisorbed and physisorbed 3-chloro-1-propanol on the
Si(100)-2×1 surface, as well as for the covalently grafted second layer by photon illu-
mination are shown in Figure 5.14 (on page 126). There are no obvious Cl2p signal
in Figure 5.14c and 5.14d, indicating that the C-Cl bonds in the secondary attachment
of 3-chloro-1-propanol layer are cleaved. Meanwhile, it can be noticed that when the
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physisorbed 3-chloro-1-propanol molecules (same exposure as that for Figure 5.11c) are
introduced onto the surface after the generation of the C· radicals for a short period,
the secondary bonded layer is not observed after annealing the sample to 250 K, in-
dicating the limited life time of the newly generated C· radical. It is also observed
that if the physisorbed 3-chloro-1-propanol molecules (same exposure as that for Fig-
ure 5.11c) are introduced into the chamber without the formation of the first layer
of saturated 3-chloro-1-propanol covered Si(100) surface, the second covalently bonded
layer is not formed when the surface is annealed to 250 K. The only reaction observed
is photochemical induced reaction of the chemisorbed 3-chloro-1-propanol molecules on
the Si(100)-2×1 surface. In this case, it is possible that the two adjacent C radicals
created from the first layer (Si-O-CH2CH2CH2·) and the second introduced multilayer
(HO-CH2CH2CH2·), were linked spontaneously to create a covalently bonded linkage, Si-
O-(CH2CH2CH2)2-OH, on the Si(100)-2×1 surface. The proposed reaction mechanism
and process are schematically described in Figure 5.15 (on page 127).
5.4 Conclusion
The experimental and theoretical investigations demonstrate that 3-chloro-1-propanol
selectively binds to Si(100)-2×1 through the dissociation of the OH group and the for-
mation of the Si-O and Si-H linkages at the surface. The intact C-Cl group protrudes
into the vacuum and could be used for further photochemical reaction (Section 5.1).
The absence of the C-Cl stretching mode (655 cm−1) and the Cl2p feature in the
respective post-laser irradiative EELS and XPS spectra of the chemisorbed 3-chloro-1-
propanol molecules on Si(100)-2×1 indicate that the C-Cl bonds are efficiently cleaved
after the laser irradiation. Furthermore, the change of C1s XPS peak area ratio and
111
Chapter 5
the retention of the asymmetric stretching mode (2953 cm−1), deformation stretching
mode (1438 cm−1), twisting mode (1274 cm−1), and rocking mode (757 cm−1) of the
-CH2- group imply that the photochemical reaction only induced the C-Cl bond disso-
ciation and retained the C-C-C main skeleton at the surface. The C· radical generated
by photodissociation can be used as the reactive anchor for the formation of covalently
bonded bi-layer (Section 5.2).
In the third part, the experimental results effectively reveal that the secondary attach-
ment of 3-chloro-1-propanol layer on the modified Si(100)-2×1 surface can be achieved
by irradiating the sample using photon (λ=193 nm). The appearance of the OH stretch-
ing mode and the retention of the Si-H group in the EELS vibrational spectra (Fig-
ures 5.11c, 5.11d, and 5.11e), together with the disappearance of C-Cl bond, suggested
the successful construction of a secondary 3-chloro-1-propanol layer. The increasing
peak area and the corresponding peak area ratio in the C1s and O1s XPS results showed
that about 1/3 of 3-chloro-1-propanol molecules in the first chemisorbed monolayer were
linked to the secondary layer, which also explained the relative low peak intensity of the
OH stretching mode at the secondary layer in the EELS spectra (Figures 5.11c, 5.11d,
and 5.11e). The absence of the Cl2p XPS photoemission features and the disappearance
of C-Cl stretching mode in the EELS spectra also account for the dissociation of the C-Cl
bond in the photon irradiation. The dangling OH group generated in the secondary layer
on the surface can be used as the organic intermediate for further surface modification
and bilayer formation. Collectively, the photochemical method is a powerful tool for
organic synthesis and multilayer formation.
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Figure 5.1: HREELS spectra obtained on Si(100)-2×1 surface
at 110 K: (a) condensed 3-chloro-1-propanol, (b) chemisorbed 3-
chloro-1-propanol obtained by annealed sample (a) to 300 K.
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Figure 5.2: C1s XPS spectra on Si(100)-2×1 surface at 110 K: (a)
chemisorbed spectrum, obtained by annealing sample (b) to 300 K;
and (b) physisorbed spectrum, obtained by preexposing 4 L of 3-
chloro-1-propanol onto Si(100)-2×1 surface.
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533.1
532.2
Figure 5.3: O1s XPS spectra on Si(100)-2×1 surface at 110 K: (a)
chemisorbed spectrum, obtained by annealing sample (b) to 300 K;
and (b) physisorbed spectrum, obtained by preexposing 4 L of 3-
chloro-1-propanol onto Si(100)-2×1 surface.
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Figure 5.4: Cl2p XPS spectra on Si(100)-2×1 surface at 110 K:
(a) chemisorbed spectrum, obtained by annealing sample (b) to
300 K; and (b) physisorbed spectrum, obtained by preexposing 4 L






















Figure 5.5: Schematic diagram for 3-chloro-1-propanol chemisorption on Si(100)-2×1 surface.
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(a) OH dissociation (b) C-Cl dissociation
(c) O dative bonding
Figure 5.6: The optimized HO-(CH2)3-Cl/Si9H12 clusters corre-
sponding to the three possible configurations through OH disso-

























Figure 5.7: HREELS spectra on Si(100)-2×1 surface at 110 K: (a)
saturated chemisorbed spectrum; (b) irradiating sample (a) using
193 nm laser for 30 minutes.
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Figure 5.8: Fitted Cl2p XPS spectra on Si(100)-2×1 surface at
110 K: (a) saturated chemisorbed spectrum obtained by annealing
10 L 3-chloro-1-propanol-covered sample to 300 K; (b) irradiating
sample (a) using 193 nm laser for 30 minutes.
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Figure 5.9: Deconvoluted C1s XPS spectra on Si(100)-2×1 sur-
face at 110 K: (a) chemisorbed spectrum obtained by annealing
3-chloro-1-propanol-covered-sample to 300 K; (b) irradiating sam-
ple (a) using 193 nm laser for 30 minutes.
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Figure 5.10: Fitted O1s XPS spectra on Si(100)-2×1 surface at
110 K: (a) saturated chemisorbed spectrum; (b) irradiating sample
(a) using 193 nm laser for 30 minutes.
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Figure 5.11: HREELS spectra on Si(100)-2×1 at 110 K: (a) ph-
ysisorbed spectrum, obtained by preexposing 10 L 3-chloro-1-
propanol onto Si(100)-2×1; (b) chemisorbed spectrum obtained by
annealing sample (a) to 300 K; (c) irradiating the condensed 3-
chloro-1-propanol (10 L) on sample (b) using 193 nm laser for 30
minutes followed by annealing to 150 K; and (d) continued anneal-
ing the sample (c) to 250 K.
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Figure 5.12: Fitted O1s XPS spectra on Si(100)-2×1 at 110 K:
(a) physisorbed spectrum; (b) saturated chemisorbed spectrum; (c)
irradiating the condensed 3-chloro-1-propanol (10 L) on sample (b)
using 193 nm laser for 30 minutes followed by annealing to 150 K;
(d) continued annealing the sample (c) to 250 K, and (e) continued
annealing sample (c) to 300 K.
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Figure 5.13: Fitted C1s XPS spectra on Si(100)-2×1 at 110 K:
(a) condensed 3-chloro-1-propanol; (b) saturated chemisorbed spec-
trum; (c) irradiating the condensed 3-chloro-1-propanol (10 L) on
sample (b) using 193 nm laser for 30 minutes followed by annealing
to 150 K; (d) continued annealing the sample (c) to 250 K; and (e)
continued annealing sample (c) to 300 K.
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                110K
Figure 5.14: Deconvoluted Cl2p XPS spectra on Si(100)-2×1 at
110 K: (a) condensed 3-chloro-1-propanol; (b) chemisorbed spec-
trum obtained by annealing sample (b) to 300 K; (c) irradiating the
condensed 3-chloro-1-propanol (10 L) on sample (b) using 193 nm
laser for 30 minutes followed by annealing to 150 K; (d) continued
























(a) (b) (c) (d)
Figure 5.15: Proposed schematic reaction model: (a) 3-chloro-1-propanol preexposed onto
Si(100)-2×1; (b) chemisorbed 3-chloro-1-propanol on Si(100)-2×1; (c) the interaction of the








Table 5.1: Vibrational Assignments of Physisorbed and
Chemisorbed 3-Chloro-1-Propanol (CP), Calculated Frequen-
cies (C.F.) of 3-Chloro-1-Propanol on Si(100)-2×1 Surface, Laser-
induced 3-Chloro-1-Propanol, and 2nd Layer of 3-Chloro-1-



















2nd layer of CP
construction on
Si(100)-2×1g
ν(OH) 3687 3228 3228
νas(CH2) 2956 2946 2953 2953 2997 2953 2953
νs(CH2) 2879 2876 2877
δs(CH2) 1433 1438 1438 1449 1438 1438
ω(CH2) 1299 1393 1274 1274 1372 1274 1274
τ(CH2) 1263 1237 1274 1274 1218 1274 1274
ν(OC) 971 1043 1043 1056 1043 1043
νs(CCC) 899 898 884 884 870 884 886
ρ(CH2) 789 758 780 780 772 780 757
ν(C-Cl) 658 655 655 695
β(CCC) 425 463 495
ν(Si-O) 533 533 533













Table 5.2: Deconvoluted Results of XPS Spectra for Physisorbed
and Chemisorbed 3-Chloro-1-Propanol, Laser-induced 3-Chloro-1-
Propanol Chemisorption, and 2nd Layer of 3-Chloro-1-Propanol
















C11s 286.5 286.7 286.5 286.6
C21s 285.4 285.4 285.5 285.2




Cl(2p3/2) 200.4 200.4 N.A. N.A.




Table 5.3: Calculated Adsorption Energies of the Local Minima
in the HO-CH2CH2CH2-Cl/Si9H12 Model System from B3LYP/6-
31G(d,p) (kJ/mol).
Binding Mode I II III
Adsorption Model O-H dissociative C-Cl dissociative O-dative







In Chapter 5, the surface chemistry of 3-chloro-1-propanol monolayer on Si(100)-
2×1, together with its laser-induced second layer attachment after laser irradiation, was
studied using EELS, XPS, and DFT calculations.
Si(111)-7×7 is the investigated substrate in this chapter due to its unique electronic
properties, spatial structures, as well as extensive scientific interest. In this chapter,
the adsorption of 3-chloro-1-propanol on Si(111)-7×7 was briefly discussed. The photo-
reactions of d3-acetonitrile and benzonitrile with 3-chloro-1-propanol modified Si(111)-
7×7 surface were systematically investigated.
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6.1 Attachment of 3-chloro-1-propanol on Si(111)-
7×7
6.1.1 High resolution electron energy loss spectroscopy
High resolution electron energy loss spectroscopy (HREELS) was used to character-
ize the vibrational properties of 3-chloro-1-propanol on Si(111)-7×7. Figure 6.1a and
Figure 6.1b (on page 144) present the EELS spectra of physisorbed and chemisorbed
molecules on the Si(111)-7×7 surface, respectively. The physisorbed spectrum (Fig-
ure 6.1a) was obtained by pre-exposing the silicon sample to 5 L of 3-chloro-1-propanol
at 110 K. The vibrational features are in good agreement with the FTIR spectra as-
signments for 3-chloro-1-propanol molecules in liquid phase [277] and the corresponding
vibrational signatures [253, 278] are listed in Table 6.1 (on page 155). The loss peaks at
3230 and 654 cm−1 can be respectively assigned to the stretching modes of the OH and
C-Cl groups at the surface.
The multilayer 3-chloro-1-propanol-covered silicon sample was annealed to 300 K
to desorb the physisorbed molecules and the chemisorbed EELS spectrum was ob-
tained (Figure 6.1b). The loss features at 521, 654, 760, 860, 1045, 1286, 1440, 2140,
and 2962 cm−1 are clearly observed (Figure 6.1b). The presence of the C-Cl stretching
mode at 654 cm−1 in the chemisorbed EELS spectrum [254, 259] rules out the cleavage
of the C-Cl bonds upon chemisorption. Compared to the physisorbed EELS spectrum of
3-chloro-1-propanol, the absence of the OH stretching mode (3230 cm−1) suggests its in-
volvement in the surface reaction. In addition, the new intensities at 2140 and 521 cm−1
attributable to the Si-H and Si-O stretching modes, respectively, can be clearly resolved.
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The observation of these new features, together with the absence of O-H stretching
peak and the retention of CH2 stretching (2962 cm
−1), deformation (1440 cm−1), twist-
ing (1286 cm−1), and rocking (760 cm−1) modes show that the reaction undergoes the
cleavage of the O-H bonds and the formation of the new Si-O and Si-H linkages at the
surface.
6.1.2 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was employed to investigate the electronic struc-
tures of 3-chloro-1-propanol (HO-C1H2C
2H2C
3H2-Cl) on the Si(111)-7×7 surface. Fig-
ures 6.2a and 6.2b (on page 145) show the C1s XPS spectra of 3-chloro-1-propanol on
Si(111)-7×7 in the physisorption and chemisorption states, respectively. The similar
binding energies (286.5 and 285.3 eV) were found for both physisorbed and chemisorbed
molecules, indicating that the C chemical environments are unchanged during adsorp-
tion. The peak at 286.5 eV is attributed to the C1 and C3 atoms [280, 283] that are
directly linked to the highly electronegative Cl and O atoms, while the lower binding
energy at 285.3 eV is assigned to the C2 atom in the -CH2- group. Therefore the peak
area ratio is 2:1 in favor of the peak with the higher binding energy.
The Cl2p XPS spectra of physisorbed and chemisorbed molecules on Si(111)-7×7
are displayed in Figures 6.3a and 6.3b (on page 146). The Cl2p3/2 binding energy for
chemisorbed 3-chloro-1-propanol on Si(111)-7×7 (Figure 6.3b) is located at 200.7 eV,
which is a characteristic value for the C-Cl bond [286]. This value is much higher than
that for the Si-Cl linkage (199.3 eV) [233]. These results imply that the C-Cl bonds are
retained upon chemisorption.
The O1s core level photoemission features for physisorbed and chemisorbed 3-chloro-
133
Chapter 6
1-propanol are presented in Figures 6.4a and 6.4b (on page 147). Compared to the O1s
XPS binding energy of the physisorbed 3-chloro-1-propanol (533.3 eV), the chemisorbed
value has a large chemical downshift of about 1 eV to 532.3 eV, implying the dissociation
of the O-H group and the formation of the Si-O linkage in the surface reaction.
6.2 d3-acetonitrile attached onto 3-chloro-1-propanol
modified Si(111)-7×7 by photon irradiation
The study in Section 6.1 has shown that 3-chloro-1-propanol selectively chemisorbs
on the Si(111)-7×7 surface through the dissociation of the OH group, with the retention
of the C-Cl bond that protrudes into the vacuum. It is clear that the retained C-Cl
linkages can be served as the probable photochemical reaction centers.
10 L of 3-chloro-1-propanol were directly exposed to the clean Si(111)-7×7 surface
at 110 K and were subsequently annealed to 300 K to desorb the physisorbed layers.
In this way, the Si(111)-7×7 surface was totally saturated with the chemically attached
3-chloro-1-propanol layer. Then, d3-acetonitrile molecules (CD3-C≡N) were physisorbed
onto the 3-chloro-1-propanol attached Si(111)-7×7 surface at 110 K. Upon irradiating
the surface with 193 nm photons for 30 minutes, the photo-induced cleavage of the C-Cl
bonds in the chemisorbed 3-chloro-1-propanol produces ·CH2- radicals which react with
the physisorbed d3-acetonitrile through the newly formed C· radicals and the N atom in
the cyano group. This process produces a secondary organic layer on the surface.
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6.2.1 High resolution electron energy loss spectroscopy
High resolution electron energy loss spectroscopy was used to investigate the ph-
ysisorbed state of d3-acetonitrile on the 3-chloro-1-propanol modified Si(111)-7×7 surface
and the vibrational features are shown in Figure 6.1c (on page 144). The loss peaks at
820, 920, 1098, 2130, and 2235 cm−1 are readily resolved, which are in excellent agree-
ment with previous EELS study of d3-acetonitrile molecules physisorbed on Si(100)-2×1
and Si(111)-7×7 surfaces [23, 110]. The loss feature at 2235 cm−1 is assigned to the C≡N
stretching mode. The CD3 asymmetric stretching is expected to appear at 2290 cm
−1,
which is coupled with the broad peak of the C≡N stretching mode. The vibrational
frequency at 2130 cm−1 is the CD3 symmetric stretching mode [110].
After irradiating the physisorbed d3-acetonitrile covered 3-chloro-1-propanol chemisorbed
on Si(111)-7×7 with 193 nm photons for 30 minutes, followed by annealing to 300 K to re-
move the physisorbed d3-acetonitrile molecules, the different vibrational features were ob-
served in Figure 6.1d (on page 144). The vibrational peaks at 2130 and 2260 cm−1 which
are ascribed to the symmetric and deformation stretching of the CD3 group [293] can be
unambiguously identified. The disappearance of the C≡N stretching mode (2235 cm−1),
the C-Cl stretching mode (654 cm−1) and the Si-H stretching mode (2110 cm−1), to-
gether with the emergence of a new vibrational peak at 1650 cm−1 associated with the
C=N stretching mode, indicate that the C≡N group, the C-Cl bonds, and the Si-H link-
ages were involved in the construction of the second layer on the Si(111)-7×7 surface.
The reaction process for the formation of the proposed structure (Si-O-C1H2C
2H2C
3H2-
N=C4-C5D3) on the Si surface is schematically illustrated in Figure 6.6 (on page 149).
The C· radical, obtained through the photodissociation of the C-Cl bonds at the surface,
attacks the N atom in the cyano group of d3-acetonitrile molecules, leading to the con-
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version of the N≡C- bond to the -N=C·- bond. The new radical site on the =C·- atom of
the -N=C·- bond is quenched by the abstraction of a hydrogen atom from the neighbor-
ing rest-atom which is similar to the mechanism proposed for the self-directed growth
of styrene and cyclopropyl methyl ketone on H-terminated Si(100) surface [294, 295].
Furthermore, the physisorbed d3-acetonitrile molecules provide the close proximity be-
tween the cyano group and H-atom attached on rest-atom. Therefore, this laser-induced
surface reaction results in the formation of the C=N double bond and the elimination of
the Si-H bond, as well as retains the -CD3 linkage and the characteristic features of the
chemisorbed first layer.
To demonstrate the vital effect of the irradiation on the construction of the secondary
d3-acetonitrile attachment on the first chemisorbed 3-chloro-1-propanol layer, we allowed
the d3-acetonitrile molecules (with same exposure in obtaining Figure 6.1d) condense on
the first layer without photon illumination and anneal the sample to 300 K. Complete
desorption of d3-acetonitrile was observed, implying that d3-acetonitrile is unable to
thermally react with the chemisorbed 3-chloro-1-propanol molecules.
6.2.2 X-ray photoelectron spectroscopy
Figure 6.2 (on page 145) presents a series of C1s photoemission spectra of the ph-
ysisorbed and chemisorbed 3-chloro-1-propanol molecules, the physisorbed d3-acetonitrile
molecules on Cl-CH2-CH2-CH2-O-Si(111)-7×7, as well as the photo-generated secondary
modified layer on the Si(111)-7×7 surface. The C1s XPS spectrum for physisorbed
d3-acetonitrile molecules on the first layer is shown in Figure 6.2c. One single sym-
metric peak with the binding energy at 287.0 eV is exhibited in this spectrum, which
is consistent with previous XPS studies of acetonitrile on Si(111)-7×7 and Si(100)-2×1
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surfaces [23, 110], suggesting that the first layer was totally screened by d3-acetonitrile
molecules and the first layer does not have any effect on the hyperconjugation of d3-
acetonitrile between σC−C and πC≡N orbitals.
The C1s spectrum for the photo-generated secondary modified layer was obtained (Fig-
ure 6.2d) after irradiating the sample (c) for 30 minutes and annealing it to 300 K. This
spectrum is deconvoluted into three peaks located at 284.2, 285.3, and 286.5 eV with
equal FWHM (1.6 eV) and an area ratio of 1:3:1. The photoemission peak at 284.2 eV
is comparable with a typical value for the C atom in the sp3 hybridized state (284.0 -
284.4 eV) [132, 155] and thus is assigned to the C5 atom in the CD3 group. The intensity
at 286.5 eV yields from the C1 atom in the Si-O-C1H2- linkage and is equivalent to that
for the C atom connected to O atom in the chemisorbed 3-chloro-1-propanol on Si(111)-
7×7 surface, suggesting that photon irradiation does not decompose the main skeleton
of Si-O-C-C-C at the surface. The peak at 285.3 eV may possibly be assigned to the
combination of the C2 and C3 atoms, which are indirectly bonded to Si surface [134] and
the C4 atom which is in the sp2 hybridized state [132, 237]. The fitted XPS peak posi-




4-C5D3 well, as shown in the EELS investigation.
The O1s XPS spectrum for the photo-generated secondary modified d3-acetonitrile
layer is exhibited in Figure 6.4c (on page 147). There is only one peak with the binding
energy at 532.1 eV, which is consistent with the previous XPS value for the Si-O bond [31,
183]. This single peak suggests the retention of Si-O group at the surface after photon
illumination, which is also evidenced by the vibrational feature for the Si-O linkage at
1045 cm−1 (Figure 6.1d) in our EELS study.
Figure 6.3 (on page 146) displays the Cl2p XPS spectra obtained at 110 K on the
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Si(111)-7×7 surface. Figure 6.3c shows the Cl2p XPS photoemission features of the irra-
diated condensed d3-acetonitrile molecules on the 3-chloro-1-propanol layer chemisorbed
Si(111)-7×7 surface, which is subsequently annealed to 300 K. The absence of all spec-
tral features in Figure 6.3c indicates that the C-Cl bonds are completely dissociated in
the photon irradiation. The photo-produced Cl radicals are ejected in the gaseous phase
(Cl2).
The N1s core level spectrum for physisorbed d3-acetonitrile molecules on the 3-chloro-
1-propanol modified on Si(111)-7×7 at 110 K is shown in Figure 6.5a (on page 148). Only
one symmetric peak at 400.1 eV is observed, which is comparable with the physisorbed
N1s XPS photoemission features for the cyano group on Si surfaces [23, 25, 296]. The
N1s XPS photoemission spectrum for the photo-generated secondary modified layer (Fig-
ure 6.5b) contains a symmetric peak at 399.5 eV. The N1s XPS value at 399.5 eV
is larger than that of the typical N atom directly bonded with Si surface (398.5 -
398.9 eV) [25, 31, 38, 73, 113, 297] in the state of sp3 hybridization and smaller than
that of characteristic N atom in the cyano group (400 - 400.3 eV) [22, 23, 25, 31]. The
N1s XPS value at 399.5 eV is assigned to the N atom in -CH=N-CD3 linkage without
direct bonding onto Si surface [298–300]. Given the higher electronegativity of C (2.5,
Pauling scale) with respect to Si (1.8), the N atom in the -CH=N-CD3 linkage is ex-
pected to have a low electron density exhibiting a higher N1s binding energy compared
to the N atom directly attached to the Si surface. The detailed XPS results for O1s,








6.3 Grafting of benzonitrile onto the interface of 3-
chloro-1-propanol/Si(111)-7×7 by laser irradia-
tion
The covalently attached benzonitrile molecules onto the 3-chloro-1-propanol modi-
fied Si(111)-7×7 surface by photon illumination was previously studied by high reso-
lution electron energy loss spectroscopy [54]. The disappearance of the OH stretching
mode (3237 cm−1) and the appearance of the Si-H stretching mode (2120 cm−1) in
the chemisorbed HREELS spectrum compared to the physisorbed one suggest that 3-
chloro-1-propanol adsorbs on Si(111)-7×7 through the dissociation of the OH bond at
an adjacent adatom-rest atom pair and with the C-Cl bond (654 cm−1) unperturbed
(Figure 6.11a on page 154). The physisorbed multilayer of benzonitrile molecules was
condensed on the 3-chloro-1-propanol modified Si(111)-7×7 surface and was then irradi-
ated by a 193 nm laser for 30 mins, followed by annealing to 300 K to desorb the unreacted
benzonitrile molecules. The retained energy loss peaks of the chemisorbed 3-chloro-1-
propanol and the phenyl ring in benzonitrile, together with the absence of the C≡N
(2231 cm−1) and C-Cl (654 cm−1) bond stretching peaks demonstrates that the grafting
of benzonitrile on the 3-chloro-1-propanol modified Si(111)-7×7 surface is through the
reaction of the C≡N group in benzonitrile with the C· radical site on the chemisorbed 3-
chloro-1-propanol produced by photo-induced C-Cl cleavage (Figure 6.11d on page 154).
To the best of our knowledge, the systematic investigation about the chemical compo-
sition and bonding at this surface was not achieved. In this part, X-ray photoelectron




6.3.1 X-ray photoelectron spectroscopy
The C1s core level spectra for physisorbed and chemisorbed 3-chloro-1-propanol,
multilayer benzonitrile molecules, and the photo-generated secondary attached benzoni-
trile layer on the 3-chloro-1-propanol modified Si(111)-7×7 surface are presented in Fig-
ure 6.7 (on page 150). The physisorbed (Figure 6.7a) and chemisorbed (Figure 6.7b)
spectra were obtained by exposing 10 L of 3-chloro-1-propanol onto the Si(111)-7×7 sur-
face and by annealing the multilayer of 3-chloro-1-propanol covered Si(111)-7×7 surface
to 300 K to desorb the physisorbed molecules, respectively. These two photoemission
spectra can be deconvoluted into two peaks which are located at 286.5 and 285.3 eV with
the area ratio of 2:1. The C1s XPS spectrum for physisorbed benzonitrile molecules on
the interface of 3-chloro-1-propanol/Si(111)-7×7 is fitted into two peaks centered at 287.1
and 285.5 eV with an area ratio of 1:5.8, demonstrating the existence of two chemically
different C atoms in the physisorbed state. The higher binding energy at 287.1 eV is re-
lated to the C atom in the C≡N group, which was also observed in previous studies of ben-
zonitrile physisorbed on Si(111)-7×7, Si(100)-2×1, and Ni(111) surfaces [111, 112, 291].
The C1s photoemission peak at 285.5 eV comprises about 85% of the total area and is
attributed to the six carbon atoms in the phenyl ring [291, 292, 301].
After irradiating the Si surface that is covered with the chemisorbed 3-chloro-1-
propanol molecules and the multilayer benzonitrile molecules, the C1s XPS spectrum (Fig-
ure 6.7d on page 150) shows striking distinct photoemission features compared to Fig-
ure 6.7b and 6.7c. This C1s XPS asymmetrical curve can be fitted into three peaks
centered at 286.6, 285.4, and 284.8 eV with an area ratio of about 1:3:6. The highest
binding energy at 286.6 eV is related to the C1 atom directly connected to the higher
electronegative O atom (3.44, Pauling Scale) [54], indicating the retention of C-O bond
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at the surface after photon irradiation. The lowest binding energy (284.8 eV) for C1s core
level is attributed to the six carbon atoms (C5 - C10) in the phenyl ring and has a 0.7 eV
chemical downshift as compared to those in the physisorbed state due to the absence
of hyperconjugation of the cyano group and the phenyl group in the second covalently
bonded layer. In the case of the adsorption of benzene on Ni surfaces, the C1s XPS
value for the chemisorbed benzene also had a downshift of 0.8 eV in contrast with that
for condensed benzene molecules [302]. The rest C2, C3, and C4 atoms in the covalently
secondary attached layer can not be resolved due to the limitation of the XPS resolution
and contributed to the photoemission peak at 285.4 eV which is larger than that for C
atoms directly bonded with Si surface (283.7 - 284.0 eV) [134]. Thus, it can be assigned
to the C2 and C3 atoms which are not directly attached onto Si surface. In the meantime,
this value (285.4 eV) is also in the range of the characteristic BE (285.1-285.4 eV) for
the sp2 hybridized C atom [132, 155, 237], therefore, it is reasonable to attribute it to
the C4 atom in the sp2 hybridized state. The C1s XPS features in Figure 6.7 provide




the EELS results [54].
Figure 6.8 (on page 151) depicts Cl2p XPS photoemission features for the physisorbed
and chemisorbed 3-chloro-1-propanol on Si(111)-7×7, as well as the photo-generated sec-
ondary bonded benzonitrile layer at 110 K. Both the separation and relative peak areas
in the physisorbed and chemisorbed spectra (Figures 6.8a and 6.8b) are in excellent
agreement with the Cl2p3/2 and Cl2p1/2 features observed in the spectra of organic chlo-
rides [56, 285], suggesting the retention of the C-Cl bonds at the surface upon chemisorp-
tion. After irradiating the chemically modified Si surface, the XPS signal for Cl2p is so
weak that only an almost flat photoemission spectrum was obtained (Figure 6.8c). This
nearly smooth XPS spectrum is indicative of the cleavage of the C-Cl bonds in the
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process of laser irradiation.
Figure 6.9 (on page 152) displays the O1s XPS spectra for the first physisorbed
and chemisorbed 3-chloro-1-propanol layer, and the photo-generated secondary con-
structed benzonitrile layer on the Si(111)-7×7 surface at 110 K. The O1s spectrum
for the physisorbed 3-chloro-1-propanol (Figure 6.9a) has a single symmetric peak cen-
tered at 533.3 eV, which is a representative value for the O atom in the dangling OH
group [56, 287]. The O1s binding energies in Figures 6.9b and 6.9c are close to each
other, indicating that the chemical environments for the O atom in these two states are
similar. This finding may support that the Si-O linkage is retained at the surface upon
chemisorption and photon irradiation.
The N1s photoemission features for the condensed benzonitrile molecules on the first
chemisorbed 3-chloro-1-propanol layer and the photo-generated secondary grafted layer
on Si(111)-7×7 surface are displayed in Figure 6.10 (on page 153). One symmetric single
peak located at 400.2 eV is observed in the physisorbed benzonitrile molecules (Fig-
ure 6.10a), which is in excellent agreement with that of physisorbed benzonitrile on
clean Si(111)-7×7, Si(100)-2×1, and Ni(111) surfaces [111, 112, 291]. After photon irra-
diation of the multilayer benzonitrile molecules on the chemisorbed 3-chloro-1-propanol
molecules covered sample for 30 minutes followed by annealing to 300 K, the N1s core
level binding energy has a chemical downshift of 0.6 eV to 399.6 eV. This N1s binding
energy at 399.6 eV is higher than the typical N1s XPS value for the sp3 hybridized
N atom that is directly bonded to the Si surface and smaller than the sp hybridized
N atom in the C≡N group [31, 38, 113, 291]. Therefore, the binding energy at 399.6
eV can be assigned to the newly formed N=C species in the proposed structure [Si-O-
(CH2)3-N=CH-C
5−10H5]. Collectively, the XPS investigation of C1s, N1s, Cl2p, and O1s
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indicate that the cleavage of C-Cl bond and the conversion of the N≡C bond to the
-CH2-N=CH- linkage at the surface without disturbing the main skeleton of Si-O-C-C-C
upon the irradiation of the sample, as illustrated in Figure 6.11 (on page 154). The
detailed XPS results are listed in Table 6.3 (on page 157).
6.4 Conclusion
The dissociative reaction through the O-H group is preferred over through the C-Cl
linkage in the chemisorption of 3-chloro-1-propanol on the Si(111)-7×7 surface. The
disappearance of the O-H stretching mode (3230 cm−1), the appearance of the Si-O
bond (1045 cm−1) and Si-H bond (2110 cm−1) in the chemisorbed EELS spectrum and
the large chemical downshift of the O atom (1 eV) in the chemisorbed XPS spectrum
are indicative of the chemisorption of 3-chloro-1-propanol on the Si(111)-7×7 surface
through the cleavage of the O-H group (Section 6.1).
In the last two parts (Section 6.2 and 6.3), it is shown that the dissociative pathway
can be altered through a photochemical process, in which the dissociation of the C-Cl
bond proceeds preferentially in the event of the irradiation of the sample. EELS and
XPS investigations have indicated that cyano groups (from d3-acetonitrile and benzoni-
trile) can be successfully grafted on the 3-chloro-1-propanol attached Si(111)-7×7 surface
under the laser irradiation. The presence of a new peak at 1650 cm−1 and the absence of
the Si-H stretching mode (2110 cm−1) in the post-laser irradiative EELS study strongly
support the formation of -CH2-N=CH- linkage at the surface. Therefore, the photo-
chemical method could be widely used in the organic modification and functionalization
of semiconductors surface in vacuum for future research.
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Figure 6.1: HREELS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum obtained by annealing sample (a) to 300 K; (c) physisorbed
d3-acetonitrile molecules on sample (b); and (d) irradiating sample
(c) using 193 nm laser (0.04 W/cm2) for 30 minutes followed by
annealing to 300 K.
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Figure 6.2: C1s XPS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum obtained by annealing sample (a) to 300 K, (c)condensed
d3-acetonitrile multilayer on (b); and (d) after irradiating the sam-



















Figure 6.3: Cl2p XPS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum obtained by annealing (a) to 300 K; and (c) after irradiating
the condensed d3-acetonitrile multilayer attachment on (b) using
193 nm laser for 30 minutes followed by annealing to 300 K.
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                 110K
Figure 6.4: O1s XPS spectra on Si(111)-7×7 surface at 110 K:
(a)condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum; and (c) after irradiating the condensed d3-acetonitrile multi-
layer attachment on (b) using 193 nm laser for 30 minutes followed
by annealing to 300 K.
147
Chapter 6
394 396 398 400 402 404 406
(b)
CD3CN/Cl-(CH2)3-OH/Si(111)-7x7









Figure 6.5: N1s XPS spectra on Si(111)-7×7 surface at 110 K:
(a) condensed d3-acetonitrile multilayer on 3-chloro-1-propanol
chemisorbed on Si(111)-7×7 surface; and (b) after irradiating sam-






























Figure 6.6: Proposed schematic reaction model for (a) chemisorbed 3-chloro-1-propanol on
Si(111)-7×7; (b) photodissociation of 3-chloro-1-propanol followed by interaction of the radi-
cal with cyano group of physisorbed d3-acetonitrile; (c) H abstraction by the -N=C- radical
from an adjacent rest-atom site; and (d) the second covalently bonded organic layer.
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                                 110K
Figure 6.7: C1s XPS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum; (c) condensed benzonitrile multilayer on (b); and (d) after
irradiating sample (c) using 193 nm laser for 30 minutes followed
by annealing to 300 K.
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Figure 6.8: Cl2p XPS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum; and (c) after irradiating the condensed benzonitrile multi-
layer attachment on (b) using 193 nm laser for 30 minutes followed
by annealing to 300 K.
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Figure 6.9: O1s XPS spectra on Si(111)-7×7 surface at 110 K: (a)
condensed 3-chloro-1-propanol multilayer; (b) chemisorbed spec-
trum; and (c) after irradiating the condensed benzonitrile multi-
layer attachment on (b) using 193 nm laser for 30 minutes followed
by annealing to 300 K.
152
Chapter 6






















Figure 6.10: N1s XPS spectra on Si(111)-7×7 at 110 K: (a) con-
densed benzonitrile multilayer on 3-chloro-1-propanol chemisorbed
on Si(111)-7×7 surface; and (d) after irradiating sample (a) using
























(a) (b) (c) (d)
Figure 6.11: Proposed schematic reaction models for (a) chemisorbed 3-chloro-1-propanol on
Si(111)-7×7; (b) photodissociation of 3-chloro-1-propanol followed by interaction of the radical
with cyano group of physisorbed benzonitrile; (c) H abstraction by the -N=C- radical from an







Table 6.1: Vibrational Assignments of Physisorbed and
Chemisorbed 3-Chloro-1-Propanol (CP), Physisorbed d3-

























νas(CH3) 2967 2971 2290 2260
νs(CH3) 2150 2130 2130
νas(CH2) 2956 2946 2962 2962 2962
νs(CH2) 2879 2876 2962 2962 2962
ν(C≡N) 2252 2235
ν(C=N) 1650
δs(CH2) 1433 1440 1440 1440
δs(CH3) 1381 1393 1092 1098
ω(CH2) 1299 1393 1286 1286 1286
τ(CH2) 1263 1237 1286 1286 1286
ρ(CH3) 1065 1066 852 820
ν(OC) 971 1045 1045 1045
νs(CCC) 899 898 860 860 925 920 860
ρ(CH2) 789 758 760 760 760

















Table 6.2: Deconvoluted Results of XPS Spectra for Ph-
ysisorbed and Chemisorbed 3-Chloro-1-Propanol, Physisorbed d3-















C11s 286.5 286.5 286.5
C21s 285.3 285.3 285.3












Table 6.3: Deconvoluted Results of XPS Spectra for Physisorbed
and Chemisorbed 3-Chloro-1-Propanol, Physisorbed Benzonitrile















C11s 286.5 286.5 286.6
C21s 285.3 285.3 285.4









In the first part of this thesis, the surface chemistry of halogenated organic molecules
on silicon substrates was investigated using X-ray photoelectron spectroscopy (XPS),
high-resolution electron energy loss spectroscopy (HREELS), and density functional the-
ory (DFT) calculations. The main findings of this part of study are summarized as
follows:
(1) Fluoroacetonitrile (F-CH2C≡N) adsorbs on the Si(100)-2×1 surface through C≡N
[2+2]-like cycloaddition with the C-F group extending into vacuum. Bromoacetoni-
trile (Br-CH2C≡N) produces Si-N=C=CH2-like and Si-Br species on the Si(100)-2×1
surface via the ene-like reaction. The different reaction pathways of these two molecules
are caused by the different electronegativities and distinct reactivities of their individual
halogen substituted groups [249].
(2) Propargyl chloride (HC≡C-CH2Cl) forms Si-CH2C≡CH-like and Si-Cl adducts
on the Si(100)-2×1 surface through the dissociation of C-Cl bond. Chloroacetonitrile
(N≡C-CH2Cl) chemisorbs on the Si(100)-2×1 surface via two pathways, namely the
[2+2]-like cycloaddition of the C≡N group to generate (Si)-N=C-(Si)-CH2-Cl and the
ene-like reaction to produce Si-N=C=CH2 and Si-Cl species. It is possible that the
different reactivities and physical properties of the C≡N and C≡C groups in these two




(3) 3-chloro-1-propanol (HO-CH2CH2CH2-Cl) dissociatively attaches on Si(100)-2×1
and Si(111)-7×7 surfaces with the -OH bond cleavage to form Si-O-CH2-CH2-CH2Cl-
like species with the C-Cl bond intact and protruding into the vacuum. Furthermore,
the retained C-Cl bonds on Si surface would lead to the application of photochemical
methods in organic modification of Si surfaces.
Based on the understanding of Si surface chemistry of halogenated organic molecules,
the chemisorbed species with intact C-Cl bonds on Si surfaces were further employed to
achieve photo-induced secondary modification in the second part of this thesis. The
cleavage of C-Cl bonds would produce C· radical sites on the adsorbates with high re-
activity. These reactive sites would serve as anchors for further modification, especially
for the construction of organic multilayers [54]. To verify this point, the surface photo-
chemistry of chemisorbed 3-chloro-1-propanol and the construction of a second covalently
bonded organic layer were demonstrated. The results are summarized as follows:
(1) The C-Cl bond of chemisorbed 3-chloro-1-propanol on Si(111)-7×7 was cleaved
through the photon irradiation. The radical site generated would react with the ph-
ysisorbed benzonitrile (N≡C-C6H5) molecule via the C≡N group to build up a second
covalently bonded organic layer. The formation of -CH2-N=CH- covalent linkage was
confirmed through the presence of a new peak at around 1650 cm−1 in the EELS spectra,
and the extraction of an adjacent H atom on the rest atom on Si(111) surface by the
newly formed radical site on the C≡N group. However it is still difficult to distinguish
between the CH in benzonitrile molecules and the CH in the -CH2-N=CH- species in the
vibrational spectrum. Thus d3-acetonitrile (CD3C≡N) was studied in the subsequent ex-
periments as a second layer. CD3C≡N develops a second covalently bonded layer on the
3-chloro-1-propanol modified Si(111)-7×7 surface via the formation of -CH2-N=CH-CD3
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linkage upon the laser illumination. The newly formed =CH- group in the linkage can
be clearly resolved from the CD3 in d3-acetonitrile in the EELS study.
(2) The second covalently bonded layer was also conducted on the Si(100)-2×1 sur-
face in order to study the different reaction selectivities of Si(111)-7×7 and Si(100)-2×1
surface during the photochemical process. The C-Cl bond in the chemisorbed and ph-
ysisorbed 3-chloro-1-propanol on the Si(100)-2×1 surface was dissociated upon irradia-
tion. The two newly generated C· radicals were coupled together to form the C-C single
bond to give a “self-assembled” covalently second layer on the Si(100)-2×1 surface. The
generated dangling OH group in the second layer would also serve as a reactive anchor
to build up multilayers on the Si surfaces.
These studies prove that the photochemical method is a powerful tool in the organic
modification and functionalization of Si surfaces. In these studies, we mainly focus on the
construction of the covalently second layer on Si surfaces by the photochemical reaction
of C-Cl bond. In future studies, the experiments can be extended to other halogenated
molecules with C-X (X=F, Br, I) [303]. In addition, by designing appropriate molecu-
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